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Abstract 
Humanities’ insatiable demand for energy and fresh water has never been satisfied and 
continues to increase with an ever-increasing global population. Because both demands 
currently rely heavily on fossil fuels, the resulting detrimental consequences of rising 
greenhouse gas emissions, global warming and environmental degradation present major 
challenges for every nation. Importantly, the efficient conversion of energy to perform useful 
work is a factor that directly contributes to the financial development and economic 
sustainability of a country. Furthermore, the current global water demand is already much 
higher than the Earth’s natural water cycle can sustain, and this shortfall is presently being 
made up by the use of high energy consuming desalination processes. Thus, there is currently 
extensive research into developing eco-friendly and viable renewable energy sources to meet 
the demands for energy and fresh water. Solar energy offers an alternative energy source with 
the potential to alleviate the problems associated with fossil fuel-based energy generation and 
desalination. The performance of conventional solar thermal collectors is limited by poor 
optical properties and low thermal properties. Traditional solar stills are not widely used 
today, due to their poor thermal properties and low productivity levels. The thesis focuses on 
developing new and novel nanofluids based on novel graphene based materials with 
enhanced optical and thermal properties to improve the performance of direct absorption 
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solar collectors (DASCs) and solar desalination stills. The thesis is arranged in two parts. The 
first part extensively reviews current solar collector systems for converting solar energy to 
thermal energy and also reviews current progress towards developing high thermal efficiency 
solar desalination systems. The second part presents actual case studies that evaluate the 
performance of newly developed novel graphene oxide and reduced graphene oxide based 
nanofluids for use in DASCs and solar stills.  
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Chapter 1. Introduction 
1.1. Background 
There are several global challenges facing the world today. These challenges include 
increasing energy demands, greenhouse gas emissions, global warming, the shortage 
of fresh clean water and environmental degradation. In particular, humanities’ 
insatiable demand for energy and fresh water has never been satisfied and continues 
to increase. At present, global energy consumption (~ 86%) relies heavily on finite 
fossil fuel resources. And in spite of being a finite resource, the consumption of 
fossil fuels continues unabated. Current modelling for the next 20 years predicts the 
world population will increase by 1.5 billion, equating to a global population of 
around 8.8 billion people. Also during this period will be annual increases in global 
energy demand of around 1.4%, with most of this demand expected to meet 
increasing electrical power generation [1]. Modelling studies have also shown the 
annual global demand for water will increase annually by 2% and is expected to 
reach 6,900 Billion m3 by 2030 [2]. Unfortunately, this demand cannot be achieved 
by the Earth’s annual natural water cycle of 4,200 Billion m3 [3]. Thus, creating a 
shortfall of 2700 Billion m3. At present, the global water demand is already higher 
than the Earth’s natural water cycle, and this shortfall is currently being made up by 
high energy consuming desalination processes. The energy needed to power these 
desalination processes coming from fossil fuels. With current estimates indicating 
that around 10,000 tons of oil are used annually to generate 1000 m3 of desalinated 
water each day [4]. Because of this over-reliance on fossil fuels, desalination plants 
generate large quantities of harmful greenhouse gases to the atmosphere. While brine 
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discharges from desalination plants contaminate marine environments and threaten 
aquatic life [5]. 
Because of the detrimental impact of spent fossil fuels on the environment, current 
research efforts have focused on developing clean, viable and renewable energy 
sources. Thus, developing new and improving the efficiency of currently available 
renewable energy sources has become a major global challenge [6,7]. Recent 
estimates indicate renewable energy sources will grow at an annual rate of 6.6% for 
the next 20 years. Resulting in renewable energy sources contributing to around 9% 
of the total global energy supply [1]. Importantly, current renewable energy sources 
are minor contributors to the current global energy mix. With solar energy only 
contributing around 0.33% to the current total energy mix [1]. Thus, increasing the 
contribution of renewable energy sources is importance, since only these energy 
sources can alleviate global warming, decrease greenhouse gas emissions and reduce 
environmental degradation [8]. Crucially, many of the countries that need new 
sources of fresh water are also located in global regions which receive large levels of 
solar radiation. Therefore, using renewable solar energy to drive desalination 
processes can offer a sustainable and eco-friendly approach for converting saline and 
contaminated waters into drinkable water. This alternative desalination route is 
important, because current agricultural practices involved in food production depend 
heavily on natural resources, ecosystems and water resources that are currently under 
stress, and in many parts of the world are in decline [9]. In addition, the need to limit 
the global rise in temperature (up to 2 °C with respect to pre-industrial levels) has 
made developing sustainable technologies using solar energy imperative [10,11]. 
This Paris Agreement has been signed by many nations and thus there is a global 
obligation to meet these targets. 
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For around 4.6 billion years, the Sun has released enormous amounts of energy and 
has driven climatic conditions and supported life on Earth. The energy flux (Solar 
Constant) reaching the Earth’s upper atmosphere is around 1,350 W/m2 [12]. 
However, approximately 30% of all solar energy reaching the Earth’s upper 
atmosphere is reflected back into space. The remaining 70% passes through the 
atmosphere before being absorbed by land masses and oceans. As the solar energy 
travels through the atmosphere, gases such as ozone (O3), carbon dioxide (CO2), and 
water vapour (H2O) attenuate and filter harmful ultraviolet radiation leaving only a 
small component in the near-ultraviolet. The solar energy reaching the Earth’s 
surface is around 1 kW/m2 and is distributed across the visible and near-infrared 
regions of the light spectrum (0.25 < λ < 2.5 µm) [13]. In addition, several studies 
have estimated the hourly solar energy levels absorbed by the Earth are greater than 
the current annual global energy demand [14,15]. Because of the large amounts of 
solar energy reaching the Earth, it has become the most investigated and exploited 
source of renewable energy. Furthermore, eco-friendly solar energy can assist in 
reducing greenhouse gas emissions and mediate the effects of global warming. 
However, because of its intermittent nature due to the Earth’s rotation, and low 
energy density at ground level it needs to be collected and stored efficiently. 
Solar thermal collectors are designed to absorb solar energy and convert into thermal 
energy. The thermal energy is transferred to a working fluid (typically air, water or 
oil) contained within circulation system, which carries the heated fluid away from the 
collector to be directly used or used to charge up a thermal storage tank [16]. 
However, these collectors have several shortcomings that result in low thermal 
energy conversions. Studies have shown collectors suffer from low incident solar 
energy capture, inefficient heat transfer, collector heat losses, and low absorption 
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properties of the working fluid [17,18]. In addition, many of these collectors are 
coated with optically selective coating like chromium black to improve absorbance, 
but many of these types of coatings are toxic and pose an environmental hazard [19]. 
For these reasons direct absorption solar collectors (DASC) were developed, since 
incident solar energy is directly transferred into the working fluid overcoming many 
of the shortcomings of conventional collectors. Therefore, it is ultimately the thermal 
properties of the working fluid that determines the performance of the DASC. Figure 
1. (a) presents a schematic of a typical DASC (with a nanofluid as the working fluid) 
showing the interaction of solar irradiation and heat losses [20]. And like 
conventional collector designs, the working fluid can flows in either open-loop 
configurations (low energy applications) or in a closed-loop arrangements (high 
energy applications). In closed-loop configurations, the working fluid flows through 
a heat exchanger circuit that physically separates the working fluid from a secondary 
fluid (i.e. potable water) circuit. Figure 1. (b) presents a typical closed-loop DASC 
that highlights the heat exchanger separating the two fluids [20]. 
Recent studies have shown improving the thermal properties of conventional 
working fluids like water, ethylene glycol, water/ethylene glycol mixtures and oils 
can significantly improve their performance in solar thermal applications [21,22]. 
Importantly, most solids have superior thermal properties compared to working 
fluids and recent research has focused on adding small particles (solid phase) to 
fluids (fluid phase) to improve their heat transfer performance [23,24]. However, 
two-phase fluids composed of micrometre-scale particles were found to have several 
operational problems that included: 1) particle sedimentation produces lower heat 
transfer rates; 2) high system component erosion rates due to circulating particles; 3) 
particles tend to accumulate and block narrow flow channels; 4) increased flow 
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resistance and larger pressure drops, and 5) improved thermal properties are only 
achieved at large particle concentrations, which in turn increases the magnitude of 
the above-mentioned problems [25,26]. For these reasons, the inclusion of 
micrometre-scale particles in fluids failed to gained widespread acceptance. 
However, recent nanotechnology-based techniques have produced a wide variety of 
particles smaller than 100 nm. These nanometre-scale particles have physiochemical, 
electronic and optical properties that are significantly different from their bulk 
equivalents. Furthermore, studies have shown the inclusion of small concentrations 
of nanoparticles in fluids can form stable suspensions and improve the thermal 
properties of the fluid [27,28]. Moreover, several studies have found the thermal 
properties of the fluid can be influenced by parameters like: 1) nanoparticle 
concentration or volume fraction; 2) particle size and morphology; 3) temperature of 
the fluid, and 4) the volumetric distribution of nanoparticles in the fluid [29,30]. 
Additionally, the inclusion of nanoparticles in a fluid can also changes its optical 
properties from being mostly transparent to highly absorbing over the solar spectrum 
[31,32]. 
Therefore, nanofluids with low viscosities, high thermal conductivities and superior 
photo-thermal properties are highly desirable for use in DASCs [33]. Types of 
nanomaterials evaluated for use in nanofluids include pure metals (Au, Ag, Cu, Al, 
and Fe), metal oxides (Al2O3, CuO, Fe3O4, SiO2, TiO2, and ZnO), Carbides (SiC, 
TiC) and a variety of carbon materials (diamond, graphite, single/multi wall carbon 
nanotubes). In particular, several studies have shown the addition of small quantities 
of carbon nanomaterials into fluids can significantly improve their thermal properties 
[34,35]. Interestingly, carbon is one of the most abundant elements in the Earths 
biosphere and when combined with oxygen and hydrogen forms a diverse range of 
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organic compounds. Additionally, carbon atoms can bond with themselves in several 
ways to form a variety of carbon materials or allotropes of carbon. Three typical 
carbon allotropes include amorphous carbon, diamond and graphite. These allotropes 
can also have a variety of structures like crystalline (i.e. diamond, three dimensional, 
3D), graphite sheets (2D) and carbon nanotubes (1D). What’s more, their black 
colour makes them ideal for solar absorption applications and their high thermal 
conductivities make them an ideal additive for nanofluids being used in DASCs 
[36,37]. 
 
Figure 1. Schematics of a direct solar thermal absorption collector: (a) sources of 
irradiation and major sources of heat losses, and (b) a typical closed loop system with 
nanofluid circuit and water circuit separated by a heat exchanger [20]. 
Another important use for carbon-based nanomaterials is in solar desalination. 
Conventional desalination technologies have developed in response to the ever-
increasing demand for freshwater, but are largely energy intensive, with the energy 
being derived from fossil fuels [10,38]. However, in recent years research has 
focused on developing alternative low temperature desalination technologies that are 
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both sustainable and eco-friendly. In particular, solar stills have attracted 
considerable scientific and industrial interest since they offer the following 
advantages: 1) the ability to produce several litres of pure water per square metre per 
day; 2) can be easily designed, fabricated and operated; 3) do not rely on large 
external energy sources to operate; 4) do not emit harmful greenhouses gases to the 
atmosphere; 5) initial investment costs are lower than conventional desalination 
technologies, and 6) are more economically viable for supplying drinking water to 
households and small communities [39,40]. A schematic of a typical solar still 
showing its layout and major components is presented in Figure 2.  
However, solar stills are not widely used because of their low productivity when 
compared to other desalination technologies [41]. The low productivity levels are the 
result of large amounts of energy being transferred into the water body and not being 
fully utilised in the evaporation process. Moreover, heating the water body far from 
the air-water interface leads to boiling, which dissipates thermal energy during 
bubble formation and bubble migration to the air-water interface [42]. And since 
evaporation is a surface process, it is only the energetic water molecules close to the 
air-water interface that can be evaporated to form the vapour phase. Thus, recent 
research has focused on nanoparticle-enhanced vapour generation as a method of 
increasing the temperature at the air-water interface to increase evaporation rates 
[43].  
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Figure 2. Schematic of a typical solar still showing its major components and its 
operational principles 
Several studies have shown nanoparticle materials like noble metals, metal oxides 
and carbon-based, when suspended in water and exposed to solar irradiation can 
generate water vapour [44,45]. For instance, studies have found that low 
concentrations of Au nanoparticles in water can convert solar energy into heat by 
localised nanoparticle plasmon resonances [46,47]. Likewise, water vapour has been 
generated by water-based nanofluids containing cuprous oxide, aluminium oxide and 
Ti2O3 nanoparticles [48,49]. While carbon allotropes like graphite, graphene and 
nanotubes all display excellent solar absorbance due to their sp2-hybridized atomic 
structure and π-band optical transitions [50]. For example, water-based nanofluids 
containing low concentrations of carbon (N115) nanoparticles were found to 
generate water vapour when exposed to solar irradiation [44]. While exposing water-
based nanofluids containing different carbon allotropes like carbon black, graphitized 
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carbon, and graphene to higher levels of solar irradiation (10 suns) produced 
significant amounts of water vapour at generation efficiencies of around 69% [45].    
Because of waters low absorbance, research has focused on finding new nanometre-
scale additives that can improve its thermo-physical properties and subsequently its 
thermal performance in solar thermal applications like DASCs and solar desalination. 
The present work has extensively studied currently available literature reporting the 
use of suspended nanoparticles in various fluids for solar thermal applications. 
However, in spite of some remarkable increases in nanofluid thermo-physical 
properties compared to the base fluid, several studies have also identified a number 
of factors that hinder the long-term stability and viability of nanofluids for practical 
use in solar thermal applications. These detrimental factors include nanoparticle 
clustering, agglomeration and precipitation with time. Alleviating these factors by 
the use of surfactants and additives becomes more complex, since their inclusion also 
changes the thermo-physical properties of the nanofluid. For instance, increasing 
concentrations of surfactants will increase nanofluid viscosity and produce larger 
pressure drops throughout the solar thermal system. Importantly, larger pressure 
drops equates to increasing pumping power to circulate the working fluid and also 
increases the systems dependence on external energy sources. Furthermore, studies 
have found the thermo-physical properties of nanofluids can change with increasing 
temperature, particle size variation, changing particle volume fraction and photo-
thermal degradation. 
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With the abovementioned considerations in mind the present work, for the first time, 
has developed a facile approach for preparing well-dispersed graphene oxide (GO) 
and reduced graphene oxide (RGO) based aqueous nanofluids. These nanofluids 
were found to have unique thermo-physical properties, good dispersion stability and 
superior photothermal performance when exposed to solar irradiation. In addition, 
the present research also found the inclusion of small quantities of processed GO (0.1 
to 0.3% w/v) to a commercially available organic thermal oil significantly improved 
its temperature response and photothermal enhancement. Thus, the unique thermo-
physical properties and improved thermal properties of the new GO and RGO 
nanofluids, and the use of GO as an additive for a traditional organic thermal oil to 
improves its photothermal performance highlights their potential to be used in 
DASCs. Furthermore, the present research also developed and evaluated the use of 
GO and RGO additives to improve photothermal responses and evaporation rates of 
basin water used in solar stills.  
1.2.  Scope of thesis 
Global challenges facing the world today include increasing energy demands, finding 
new sources of fresh water, greenhouse gas emissions, global warming and 
environmental degradation. Increasing global population growth is the main driver 
for the insatiable demands for energy and new sources of drinkable water. To meet 
these ever-increasing demands, even larger quantities of fossil fuels will be needed to 
meet two basic demands. The first will be to meet the increasing demand for 
electrical power, while the second will be the demand to operate high energy 
consuming desalination plants [1]. The downside to meeting these demands are the 
detrimental consequences of rising greenhouse gas emissions, global warming and 
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environmental degradation. Renewable solar energy offers a clean and viable energy 
source capable of alleviating many of these detrimental consequences. In the case of 
meeting global energy demands, DASCs incorporating new and innovative 
nanofluids has the potential to meet the worlds growing need for thermal energy. 
While the use of new and novel carbon-based nanomaterial additives for improving 
photothermal responses and evaporation rates of basin water in solar stills can meet 
the worlds growing demand for fresh water. Crucial to both of these solar thermal-
based technologies is improving the low absorbance water. Hence, the present work 
has developed a facile method for preparing GO and RGO based materials capable of 
being used as additives in solar still-based desalination or being used to produce 
well-dispersed nanofluids for use in DASCs. 
The thesis consists of three parts. The first part of the thesis presents an extensive 
overview of two important fields of current solar thermal technologies. The first field 
looks at the current usage of a variety of collector systems to convert solar energy to 
thermal energy. In particular, it focuses on progress made so far on developing 
nanofluids for solar thermal applications, their synthesis and their respective 
properties. It also discusses progress made so far to include nanofluids in DASCs. 
While the second field discusses and evaluates the current progress made towards 
developing high efficiency solar desalination systems. Above all the discussion 
reviews current designs, operational parameters and recent material advances for the 
manufacture of solar stills. The second part of the thesis focused on synthesising and 
characterising new and novel GO and RGO nanofluids and the subsequent analysis 
of these nanomaterials. GO was chemically reduced by tetra ethyl ammonium 
hydroxide (TEAH) under the influence of ultrasonic irradiation to produce RGO. All 
GO and RGO samples were characterised using a variety of advanced 
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characterisation techniques like UV–visible absorption spectroscopy, Fourier 
Transform Infrared Spectroscopy, field emission scanning electron microscopy, 
transmission electron microscopy, X-ray diffraction spectroscopy and Raman 
spectroscopy. Importantly, since RGO was reduced from GO its resulting graphitic 
nature was thoroughly investigated. In particular, the expulsion of oxygen-bearing 
functional groups and water molecules from GO during chemical reduction was 
thoroughly investigated using Fourier Transform Infrared Spectroscopy and X-ray 
diffraction spectroscopy. The GO and RGO nanofluids were also evaluated to 
determine the thermal stability and conductivity. In addition, nanofluid stability and 
viscosity were also evaluated.  
The third and final part of the thesis consists of three case studies. Case Study 1 
summarises the extensive experimental work in synthesising and characterising the 
new and novel GO and RGO based aqueous nanofluids. The case study also 
determines the thermo-physical properties of the highly stable GO and RGO based 
aqueous nanofluids. In addition, GO and RGO based nanofluids are also evaluated 
for use in low-temperature DASCs. Case Study 2 evaluates the photothermal 
response and temperature enhancement of a commercially available organic thermal 
oil when small quantities of GO were included. This study was of particular 
importance since it demonstrates that the thermal performance of an existing 
industrial working fluid can be improved by the addition of small quantities 
nanometre scale GO. While Case Study 3 demonstrates how effective small 
quantities of GO and RGO additives can be when added to solar still basin water to 
improve photo-thermal response and increase evaporation rates. The third part 
concludes with a discussion of the results and the implications of the findings. 
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Importantly, recommendations for future research and avenues for optimising the 
thermal performance of both DASCs and solar stills are presented. 
1.3. Aims of thesis 
Humanities insatiable demand for energy and fresh water has never been satisfied 
and continues to increase. However, because of the detrimental environmental 
impact caused by fossil fuels, current research efforts have focused on developing 
sustainable solar-based technologies that can deliver both energy and fresh water. 
From the energy perspective, DASCs can supply thermal energy and solar stills can 
supply fresh drinking water. However, because of waters low absorbance of solar 
energy, these technologies suffer from low thermal efficiencies. The thesis presents 
an overview of current DASC and solar still technologies, and then presents the 
results of newly developed GO and RGO nanomaterial additives for inclusion in 
fluids to improve the thermal performance of DASCs and solar stills. 
The thesis is constructed around four aims:  
1) Develop an extensive overview of current nanofluid types, their synthesis, 
 properties and incorporation in direct solar thermal collectors. And also 
review  the current designs, operational parameters and material advances for 
solar thermal stills used for desalination. 
2) Synthesise, characterise and determine the thermo-physical properties of two 
new and novel graphene oxide and reduced graphene oxide materials suitable 
for solar thermal applications.  
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3) Develop new and innovative graphene oxide (GO) materials for inclusion in 
an organic thermal oil-based nanofluid for use in direct absorption solar 
collectors (DASCs). 
4) Optimise GO and RGO based additives for inclusion in solar still basin water 
to improve photothermal response and increase evaporation rates. 
Each of the abovementioned aims is addressed by either review articles or individual 
case studies that permitted a more detailed investigation into the various aspects of 
the research. Chapter 2 contains two extensive review articles and addresses the 
objective of aim 1. The first review article presents an overview of current nanofluid 
types, their synthesis, properties and incorporation in direct solar thermal collectors. 
It summarizes current research in this innovative field. It also focuses on DASCs and 
methods for improving their performance. The review article also briefly discusses 
nanofluid property modelling and its importance in optimising DASC performance. 
The second review article discusses current designs, operational parameters and 
materials used in the manufacture of solar stills for desalination. The review also 
discusses single and multi-effect solar still configurations and the various passive and 
active arrangements currently in use. In particular, design criteria, influencing 
factors, operational parameters and various methods used for optimising thermal 
performance are discussed at length. The review closes with a discussion of recent 
material advances in nanoparticle-based volumetric systems, phase change materials 
and floating composite solar receivers. The review also highlights the importance of 
these recent material advances in promoting higher vapour generation efficiencies in 
solar stills. 
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Chapter 3 focuses on the synthesis, characterisation and determination of the thermo-
physical properties of GO and RGO materials. These new and novel materials were 
then used to manufacture an organic thermal oil-based nanofluid and water-based 
nanofluids. Chapter 3 is composed of two case studies, each study focusing on a 
particular fluid medium. Case Study 1 focuses on the synthesis, characterisation and 
determination of the thermo-physical properties of highly stable GO and RGO based 
water nanofluids for low-temperature DASCs. While Case Study 2 evaluates the 
photothermal response and temperature enhancement of a commercially available 
organic thermal oil used in solar thermal applications when small quantities of 
graphene oxide (0.1 to 0.3% w/v) were added. The two case studies presented in 
chapter 3 addresses the objectives of aim 2 and aim 3. Chapter 4 presents Case study 
3, which uses optimised GO and RGO additive concentrations to improve 
photothermal responses and evaporation rates of basin water used in solar stills. Case 
Study 3 addresses the objective of aim 4. Chapter 5 summarises and discusses the 
research results, and implications of the findings. The chapter concludes with 
suggestions for future research and avenues for developing strategies for optimising 
the thermal performance of the GO and RGO nanomaterials to further increase the 
operational efficiency of both DASCs and solar stills. 
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Chapter 2 – Literature Reviews: Overview of Nanofluid 
types, their synthesis, properties and inclusion in direct solar 
thermal absorption collectors and solar stills 
2.1. Overview and author contributions  
Today, the world is experiencing many serious issues such as global warming, 
increasing carbon dioxide emissions, growth greenhouse gas effects, and diminishing 
fossil fuel resources. These global issues are further exacerbated by the need to 
increase power generation and find new sources of clean drinking water to meet the 
needs of an ever-increasing population and industrialization throughout the world. 
Therefore, there is an imperative need to develop new sources of economically 
sustainable energy and fresh water using eco-friendly approaches. Harvesting 
sunlight falling on the Earth’s surface offers one attractive approach, since solar 
irradiation is the largest source of renewable energy that can be collected, 
concentrated, and converted into usable forms of energy. Importantly, solar energy is 
considered to have the greatest potential for reducing the effects of global warming 
and carbon dioxide emissions when compared to other forms of renewable energy 
sources. Therefore, developing new and cost-effective solar energy-based 
technologies to deliver eco-friendly and sustainable sources of energy is a major 
global challenge. However, the Earth’s rotation, and low solar energy densities at 
ground level means it must be collected and stored efficiently. In spite of many years 
of research and many industrial, commercial and domestic applications of solar-
based technologies, there still remains a number of challenges that must be overcome 
to improve collection efficiencies and increase system performances. The present 
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chapter contains two extensive review articles which addresses the objective of aim 
1. The first review article examines the current array of solar collector systems to 
convert solar energy to thermal energy. In particular, the review focuses on current 
progress towards developing nanofluids for use in DASCs. Whereas, the second 
review article discusses and evaluates the current progress towards developing high 
thermal efficiency solar desalination systems. In particular, the review examines 
current designs, operational parameters and recent material advances for the 
manufacture of solar stills.  
Contributions to the review articles presented in this chapter were made by several 
authors who assisted aided W Chamsa-ard to produce the two publications. In the 
first review, W Chamsa-ard was first author and significantly contributed to the 
content of the paper under the supervision of G Poinern. All text, tables and images 
were developed and written by W Chamsa-ard under the guidance of S 
Brundavanam, CC Fung, D Fawcett, and G Poinern. All authors contributed to the 
manuscript and assisted with editorial changes recommended by reviewers. In the 
second review, W Chamsa-ard was first author and worked with G Poinern and D. 
Fawcett to design the overall concept of the review. Assistance was provided by CC., 
Fung during the development of the review. All authors provided feedback during 
the preparation of the review, which was coordinated by W Chamsa-ard.  
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Abstract: The global demand for energy is increasing and the detrimental consequences of rising
greenhouse gas emissions, global warming and environmental degradation present major challenges.
Solar energy offers a clean and viable renewable energy source with the potential to alleviate the
detrimental consequences normally associated with fossil fuel-based energy generation. However,
there are two inherent problems associated with conventional solar thermal energy conversion
systems. The ﬁrst involves low thermal conductivity values of heat transfer ﬂuids, and the second
involves the poor optical properties of many absorbers and their coating. Hence, there is an imperative
need to improve both thermal and optical properties of current solar conversion systems. Direct
solar thermal absorption collectors incorporating a nanoﬂuid offers the opportunity to achieve
signiﬁcant improvements in both optical and thermal performance. Since nanoﬂuids offer much
greater heat absorbing and heat transfer properties compared to traditional working ﬂuids. The
review summarizes current research in this innovative ﬁeld. It discusses direct solar absorber
collectors and methods for improving their performance. This is followed by a discussion of
the various types of nanoﬂuids available and the synthesis techniques used to manufacture them.
In closing, a brief discussion of nanoﬂuid property modelling is also presented.
Keywords: nanoﬂuids; solar thermal; energy conversion; thermal conductivity
1. Introduction
Global challenges facing the world today include increasing energy demands, greenhouse gas
emissions, global warming and environmental degradation. Humanities insatiable demand for
energy has never been satisﬁed and continues to escalate. Energy is an important thermodynamic
quantity that deﬁnes the ability of a physical system to accomplish work. The efﬁcient conversion
of energy to perform useful work is a factor that contributes to the ﬁnancial development and
economic sustainability of a country. At present, global consumption (~86%) relies heavily on ﬁnite
fossil fuel resources. Globally, fossil fuel consumption consists of petroleum products used in the
transport sector (~32.6%), natural gas for heating (~23.7%) and coal (~30.0%) being used to generate
electricity [1]. In spite of being a limited resource, the consumption of fossil fuels continues unabated
and consequences such as global warming and environmental degradation are becoming more serious.
Data forecasting the next 20 years has revealed the world population will increase by 1.5 billion,
Nanomaterials 2017, 7, 131; doi:10.3390/nano7060131 www.mdpi.com/journal/nanomaterials
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equating to a global population of around 8.8 billion people. During this period, annual global energy
demand is expected to increase by 1.4%, with more than half of this demand resulting from increased
electrical power generation [1]. The detrimental impact of spent fossil fuels on the environment is
also expected to increase. Because of the hazardous impact, current research efforts are focused on
developing clean, viable and renewable energy sources. Current estimates indicate renewable energy
sources are expected to grow at a rate of 6.6% annually for the next 20 years. Resulting in renewable
energy sources contributing to around 9% of the total global energy supply [1]. Therefore, considering
the long-term global demand for energy and the imperative need to reduce the impact of global
warming and environmental degradation, developing new and improving the efﬁciency of currently
available renewable energy sources has become a major global challenge [2,3]. Bearing in mind the
minor contribution made by renewable energy sources to the current global energy demand, there is
signiﬁcant opportunity to increase its contribution. Especially in the case of solar energy, which only
accounts for around 0.33% of the current total energy mix [1]. Thus, increasing the renewable energy
contribution is importance, since only renewable energy sources have the potential to alleviate global
warming, decrease greenhouse gas emissions and reduce environmental degradation [4].
The Sun’s formation is estimated to have taken place around 4.6 billion years ago, and since
then has driven climatic conditions and supported life on Earth. The Sun releases enormous amounts
of energy (~63 MW/m2) that is radiated into space. However, because of Sun-Earth geometry and
the distance between, the energy ﬂux is dramatically reduced to around 1350 W/m2 (the so-called
“Solar Constant”) before reaching the Earth’s atmosphere [5]. Around 30% of all sunlight showering
the Earth’s upper atmosphere is reﬂected back into space. The remaining 70% passes through the
atmosphere before being absorbed by land masses and oceans. Passage through the atmosphere ﬁlters
out much of the harmful ultraviolet radiation, leaving only a small component in the near-ultraviolet.
Importantly, atmospheric gases such as ozone (O3), carbon dioxide (CO2), and water vapor (H2O) are
instrumental in attenuating the incoming solar irradiation. Attenuation is due to the bond energies of
these gases being close to the incoming photon energy level. Most of the light reaching the Earth’s
surface is distributed across the visible and near-infrared regions of the spectrum (0.25 < λ < 2.5 μm) [6].
Overall the estimated amount of solar energy absorbed by the atmosphere, land masses and oceans is
around 3.85 million exajoules (EJ) per year. Interestingly, estimates indicate the hourly solar energy
levels absorbed by the Earth are greater than humanities current annual global energy demand [6–9].
Daily around 1 kW/m2 of solar energy reaches Earth’s surface. Intriguingly, most forms of renewable
energy, other than geo-thermal and tidal power, are dependent on energy from the sun. Accordingly,
solar energy has become one of the most heavily investigated and exploited sources of renewable
energy. Furthermore, solar energy is not only eco-friendly, but it can assist in reducing greenhouse gas
emissions and mediate the effects of global warming. However, because of its relatively low energy
density at ground level and its intermittent nature due to the Earth’s rotation, it must be collected and
stored efﬁciently.
The need to collect and store solar energy has broadly resulted in two solar energy conversion
methods being developed. The ﬁrst is photovoltaic and involves converting solar energy directly into
electrical energy. The second is solar thermal and involves converting solar energy directly into thermal
energy. In photovoltaic (PV) systems, incoming sunlight strikes a semiconductor material (crystalline
silicon) and dislodges electrons in the material to cause the movement of electrons. The resulting
electron ﬂow generates the PV cells electrical output. However, only a small portion of incident solar
energy (typically less than 20%) is transformed into electrical energy. The remaining incident energy
increases the temperature of the PV cell and reduces its operational performance [9,10]. The favorable
photovoltaic properties of crystalline silicon have resulted in thematerial being used in awide variety of
PV solar cell conﬁgurations for many years. However, the high cost and low availability of high-quality
solar-grade crystalline silicon makes PV solar cells expensive. Less expensive amorphous silicon-based
PV cells are currently used, but they have lower efﬁciencies and are prone to photo-degradation
over time [10,11]. Alternatively, solar thermal systems are used in many industrial, commercial
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and domestic applications to supply energy for heating water, space heating and cooling, and at
higher temperatures to drive power generating turbines [12]. Solar thermal collectors are designed
to absorb and convert solar irradiation into thermal energy. The energy is then transferred to a
working ﬂuid (typically air, water or oil) contained within the collector’s structure. The circulating
working ﬂuid carries the energy away from the collector in the form of heat to be directly used or
used to charge up a thermal storage tank [13]. There are two methods for collecting solar thermal
energy. The ﬁrst uses non-concentrating collector conﬁgurations, where the absorbing panel is the
same surface area as the collector. The second method uses several reﬂecting surfaces to gather,
concentrate and focus the solar irradiation onto a collector. In this conﬁguration, the surface area
of the collector is much smaller than the surface area of the reﬂectors. Concentrated solar thermal
(CST) collectors are capable of achieving higher temperatures than non-concentrating conﬁgurations.
The higher temperatures can induce phase changes in the working ﬂuid (water to steam) that drive
turbines to generate electricity [14,15]. In these applications, improving collector performance and
conversion efﬁciencies has attracted considerable interest from solar energy researchers in recent
years. Currently, many industrial processes and commercial operations require heat between 80 and
250 ◦C. Thus, making solar thermal absorption collectors operating in this temperature range ideal for
these applications. However, these collectors have shortcomings such as low solar capture, poor heat
transfer characteristics and collector heat losses [16]. Therefore, to overcome these shortcomings direct
absorption solar collectors were developed. The advantage of using direct absorption solar collectors
comes from incident solar irradiation being directly transferred into the working ﬂuid. The working
ﬂuid then ﬂows in either an open-loop conﬁguration for low energy applications or in a closed-loop
arrangement for high energy applications. In a closed-loop conﬁguration, the working ﬂuid ﬂows
through a heat exchanger circuit that physically separates the working ﬂuid from a secondary ﬂuid (i.e.,
potable water) circuit. Working ﬂuids used in heat exchanger circuits have included water, ethylene
glycol, water/ethylene glycol mixtures and a wide range of oils. Unfortunately, these ﬂuids display
low adsorptive properties over the solar spectrum range (0.25 < λ < 2.5 μm) [17,18]. Furthermore, the
thermal properties of these working ﬂuids are also poor when compared to metals like copper (Cu)
and iron (Fe), which are used in the construction of collectors. For example, the thermal conductivity
of Cu (398 Wm−1K−1) is roughly three orders of magnitude greater than water (0.608 Wm−1K−1). The
large difference in thermal conductivity also occurs with other commercially available working ﬂuids
such as ethylene glycol, water/ethylene glycol mixtures and oils. Thus, recent research has focused on
improving the thermal properties of working ﬂuids. For example, the inclusion of small concentrations
of suspended nanometer scale particles in conventional working ﬂuids can enhance their thermal
properties. Accordingly, the present review surveys the various types of solar collectors in current
use including both low-temperature systems (non-concentrating collectors) and high-temperature
systems (concentrating collector). Then investigates recent developments in formulating a new class
of engineering ﬂuids containing small concentrations of suspended nanometer-scale particles. The
presence of dispersed particles (metals, metal oxides and carbons) in working ﬂuids can signiﬁcantly
improve their heat transfer characteristics. The preparation and stabilization of several nanoﬂuid
formulations, including carbon-based materials, are discussed at length. This is followed by a
discussion of mathematical modelling used to predict thermal conductivity enhancements reported in
the literature. The review concludes by discussing the performance of several nanoﬂuid formulations
in direct absorption solar collectors.
2. Solar Thermal Collector Types
2.1. Solar Collectors
There are several types of solar thermal collectors currently available in the market place.
The collectors are classiﬁed by their solar concentration ratio and tracking motion [13,19].
Non-concentrating collectors have a concentration ratio of around one and operate at temperatures
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ranging from 30 to 240 ◦C. Typically, non-concentrating collectors are permanently ﬁxed in position
and do not track the sun, but instead, rely on their initial orientation. Thus, in the northern hemisphere
they face south and in the southern hemisphere face north. Concentrating solar collectors are
designed to track the Sun’s position during the day and can use either single-axis or two-axis tracking
conﬁgurations. Concentration ratios can range from 10 to 1500, have high radiation ﬂuxes and can
achieve temperatures as high as 2000 ◦C as seen in Table 1 below. The following sections discuss the
various types of collectors currently in use around the world.
Table 1. A selection of typical solar thermal collector conﬁgurations.
Motion
Collector Conﬁguration Concentration
Ratio
Temperature
Range (◦C) ReferenceName/Absorber
Stationary
Flat plate collector FPC
Flat
C ≤ 1 30 ≤ T ≤ 80 [20]
Evacuated tube collector ETC C ≤ 1 50 ≤ T ≤ 230 [21]
Compound parabolic CPC
Tubular
1 ≤ C ≤ 5 60 ≤ T ≤ 240
[22]
Sun
Tracking
Single
axis
Collector 5 ≤ C ≤ 15 60 ≤ T ≤ 290
Fresnel lens collector FLC 10 ≤ C ≤ 40 60 ≤ T ≤ 270 [23]
Parabolic trough collector PTC 15 ≤ C ≤ 45 60 ≤ T ≤ 400 [24]
Cylindrical trough collector CTC 10 ≤ C ≤ 50 60 ≤ T ≤ 400 [25]
Two
axis
Spherical Bowl Reﬂector SBR
Point
100 ≤ C ≤ 300 70 ≤ T ≤ 700 [26]
Parabolic dish reﬂector PDR 100 ≤ C ≤ 1000 100 ≤ T ≤ 900 [26]
Heliostat ﬁeld collector HFC 100 ≤ C ≤ 1500 150 ≤ T ≤ 2000 [27]
2.2. Non-Concentrating Solar Collectors
The most common non-concentrating solar thermal energy converter is the ﬂat-plate collector
(FPC). This type of collector is extensively used for water-heating and space-heating applications in
homes [28]. FPCs are speciﬁcally designed to operate in favorable climates that are warm and sunny.
They are roof mounted, orientated and ﬁxed in position for optimal solar exposure. Typically, a FPC
consists of an insulated box ﬁtted with a glass window or similar material with high transmission
properties [29]. Within the box is an absorber, which consists of plates and tubes treated with a
dark-colored solar selective coating to promote solar absorption [30]. Most of the solar energy entering
the FPC assembly is absorbed by the plate-tube assembly. The resulting thermal energy is transferred
to a circulating working ﬂuid contained within the tubes. The temperature of the working ﬂuid
(usually water), rarely exceeds 80 ◦C in these collectors. Thus, making them ideal for supplying
domestic hot water [20]. However, the operational performance of FPCs is signiﬁcantly reduced
during adverse weather events. For example, long periods of cold, cloudy and windy days can greatly
reduce collector performance and during these periods additional electrical or gas heating is needed.
An alternative type of non-concentrating collector currently available is the evacuated tube collector
(ETC). An ETC consists of a central ﬂuid channel contained within a vacuum-sealed tube assembly.
The tube assembly consists of two concentric glass tubes, with the space between the two tubes being
evacuated to reduce convection and conduction losses from the inner tube that contains the working
ﬂuid [31]. The effective suppression of convection by the vacuum envelope means the ETC can operate
at much higher temperatures than conventional FPCs. The central heating tubes outer surface is also
treated with optically desirable coatings designed to absorb as much energy as possible, which is
then transferred to the working ﬂuid [21]. The heating tubes are connected to a manifold system that
permits the circulation of the working ﬂuid in a similar manner to FPCs. Another permanently ﬁxed
solar collector is the compound parabolic collector (CPC). This type of collector consists of multiple
internal reﬂecting parabolic surfaces that direct solar energy to an absorber tube located at the bottom
of the collector assembly [22]. Thus, CPCs are capable of receiving large amounts of diffuse radiation
without the need for sun-tracking. A further type of solar thermal absorber is the cylindrical tube
collector. This collector consists of a cylindrical glass tube that forms the solar energy receiver and a
central absorbing tube that carries the working ﬂuid. The function of the outer glass cylinder is the
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same as the transparent cover found in many conventional solar panels. That is, reduce reﬂectivity and
promote transmission of solar energy to the central tube. The cylindrical glass assembly is evacuated to
avoid vapor build up on internal surfaces that would otherwise reduce energy transfer. The surface of
the central collector tube is coated with a dark-colored solar selective material that promotes maximum
solar absorption, which in turn promotes higher temperatures in the working ﬂuid. The working ﬂuid
ﬂow rate is regulated by valves to optimize maximum energy transfer [32].
2.3. Concentrating Solar Collectors
Concentrating solar collectors incorporate sun tracking technology to maintain the delivery
of concentrated and focused solar radiation to the collector. The four main types of concentrating
collectors are: (1) linear Fresnel reﬂectors; (2) parabolic troughs; (3) parabolic dishes, and (4) heliostats
collectors. Linear Fresnel collectors (FLC) consist of either long slightly curved mirrors with a small
parabola proﬁle or ﬂat reﬂective strips mounted on linear solar trackers. The mirrors or reﬂectors
direct solar irradiation to a secondary overhead mirror that concentrates and focuses the energy
onto an absorber tube. The tube contains a circulating working ﬂuid that can reach temperatures
between 60 and 250 ◦C [23]. The secondary overhead mirror not only reduces unavoidable optical
alignment inaccuracies, but it also improves the concentration ratio of the collector. Typically, FLCs
have concentration ratios ranging from 10 to 40, while orientation of the collector is achieved by
single-axis tracking of the Sun’s position during the day [14]. Parabolic trough collectors (PTC) and
cylindrical trough collectors (CTC) have been extensively investigated and some designs have achieved
concentration ratios between 15 and 45 [25]. The trough is designed around parabolic or cylindrical
mirrors that reﬂect and concentrate solar irradiation onto an absorber tube. The tube, which contains
a working ﬂuid, is located at the focal line of the concentrator. The absorber tube usually consists
of a black or selectively coated metal tube that is enclosed within a glass tube. Typically, troughs
are mounted on solar trackers that use single-axis sun-tracking systems to follow the sun’s daily
motion from east to west. Both PTCs and CTSs operate at temperatures ranging from 50 to 400 ◦C [24].
Parabolic dish reﬂectors (PDR) are usually arranged to form an array, with all of the parabolic shaped
mirrors directed towards a common focal point. Due to the changing position of the sun during
the day, dishes are ﬁtted with two-axis sun tracking systems that maintains the focus of the solar
irradiation on the receiver. PDRs can achieve concentration ratios between 100 and 1000, and can
reach temperatures of 1500 ◦C. At the receiver, solar energy is converted to thermal energy, which is
then transferred to a suitable circulating working ﬂuid [26]. Because of the high concentration ratios
and temperatures, the working ﬂuid can deliver large quantities of thermal energy to drive electrical
power generation equipment [33]. Heliostat ﬁeld collectors (HFC) are mirrors that are arranged to
form an array. The mirrors are driven by two-axis sun tracking equipment that enables the mirrors
to reﬂect and focus solar energy towards a common central receiver tower [27]. Because of the large
solar energy ﬂux delivered to the receiver, concentration ratios can reach 1500 and temperatures of
2000 ◦C can be achieved. HFC facilities are equipped with steam generation equipment that can
produce high pressure and high temperature steam. The steam is then used to drive high-speed steam
turbines, which turn generators to produce electricity [34]. A selection of concentrating solar collectors
is presented in Figure 1.
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Figure 1. A selection of concentrating solar collectors styles adapted from the available literature:
(a) parabolic trough collector; (b) parabolic dish collector; (c) linear Fresnel collector, and (d) heliostat
ﬁeld collector [14,23,26,33].
3. Direct Solar Absorption Collectors and the Use of Nanoﬂuids to Improve Efﬁciency
3.1. Direct Solar Absorption Collectors
The problem with non-concentrating solar collectors is there low thermal energy conversion,
which prevents their use in high-temperature applications. Collector performance studies have shown
they suffer from low incident solar energy capture, inefﬁcient heat transfer, collector heat losses,
and low absorption properties of the working ﬂuid [32,35]. Furthermore, absorbers are coated with
optically selective coating such as chromium black to improve absorbance, but many of these coating
materials are toxic and pose an environmental hazard [36].
In contrast, concentrating solar thermal collectors can achieve the high thermal energy transfers
needed to produce high-temperatures and pressures needed for electricity generation. However,
these collector conﬁgurations are expensive and are only economically competitive on a large scale.
However, during the late 1970s, considerable interest into creating alternative collector designs to
overcome the shortcomings of non-concentrating collectors resulted in the development of the direct
solar absorption collector. The objective of this new design was to produce large energy transfers using
conventional solar collector conﬁgurations [37]. However, several design factors limit the efﬁciency of
traditional solar collectors. These factors include the type and number of transparent covers, surface
properties of the collector, size of the collector, and the materials used to manufacture the collector.
Accordingly, all these factors must be taken into account when designing a solar collector. In particular,
the convective heat ﬂow rate Q is an important factor in determining the efﬁcient operation of a solar
collector and can be evaluated using Equation (1),
Q = hAΔT (1)
In Equation (1) h is the heat transfer coefﬁcient (Wm−2K−1), A is the surface area of the heat
transfer region (m2), and ΔT is the temperature difference resulting from the heat ﬂow (K) [38].
Inspecting Equation (1) reveals that one or all of the parameters can manipulated to improve the heat
ﬂow performance. In the case of a solar collector, increasing A is not feasible because the collector
size becomes large and heavy. While increasing ΔT requires improving the solar concentration ratio,
which may not be possible due to collector design. Therefore, to overcome these limitations direct solar
absorption collectors were designed to use the working ﬂuid as both solar absorber and heat transfer
medium. Thus, thermal properties of the working ﬂuid ultimately determine the performance of the
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collector. Figure 2a presents a schematic of a representative direct solar thermal absorption collector
(with a nanoﬂuid as the working ﬂuid) and shows the source of irradiation and the various heat losses
the collector experiences. While Figure 2b presents a typical direct solar thermal absorption design
with a closed-loop nanoﬂuid circuit and separate fresh water circuit.
 
Figure 2. Direct solar thermal absorption collector schematics: (a) representative collector showing
sources of irradiation and major sources of heat loss; and (b) simpliﬁed closed loop system that
transfer’s heat from the nanoﬂuid circuit to the water circuit via a heat exchanger.
3.2. Improving the Thermal Properties of the Working Fluid
Studies have shown increasing the heat transfer coefﬁcient h can signiﬁcantly improve working
ﬂuid performance. However, current working ﬂuids such as water, ethylene glycol, water/ethylene
glycol mixtures and oils have thermal conductivity values lower than metals and glasses that go to
make up collectors as seen in Table 2. Since most solids have superior thermal conductivity values
compared to working ﬂuids, an effective method of enhancing the ﬂuids thermal conductivity is to add
small amounts of solid particles. Recent studies have conﬁrmed suspending small particles in a ﬂuid
can improve its heat transfer performance [39–45]. In particular, the addition of small micrometer-scale
particles (solid phase) to a working ﬂuid (ﬂuid phase) can improve its thermal conductivity and heat
transfer coefﬁcient [46,47]. Unfortunately, two-phase ﬂuids containing micrometer-scale particles have
a number of operational problems. These problems include: (1) particle sedimentation that results in
reduced heat transfer rates; (2) high erosion rates caused by circulating particles; (3) particles tend to
accumulate and block narrow ﬂow channels; (4) increased ﬂow resistance and larger pressure drops,
and (5) improved thermal properties are only achieved at large particle concentrations, which in
turn increases the magnitude of the above-mentioned problems [48,49]. Because of the problems, the
use of micrometer-scale particles in working has not gained widespread acceptance. However, the
use of nanotechnology-based techniques has revitalized interest into developing two-phase ﬂuids.
The ability to manufacture nanometer-scale materials with physiochemical, electronic and optical
properties that are different from their bulk equivalents has created the opportunity to develop a
new class of ﬂuids known as nanoﬂuids. Nanoﬂuids are colloidal suspensions containing dispersed
nanometer-scale particles. Nanomaterials used in nanoﬂuids to date include metals, non-metals and
carbons. These nanomaterials also come in a wide variety of morphologies that include particles,
ﬁbers and tubes [50–52]. Nanoﬂuids with low viscosities, high thermal conductivities and superior
photo-thermal properties are highly desirable for use direct solar absorption collectors [53–56].
However, issues such as nanoﬂuid stability over time need also to be considered [57,58]. In spite of
stability concerns, several studies have reported the use of nanoﬂuids and their ability to improve the
long-term performance of direct solar energy collectors [56,59–62].
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4. Nanoﬂuids for Use in Direct Solar Absorption Collectors
In recent years, nanotechnology-based techniques have produced nanometer-scale particles
smaller than 100 nm. Nanoparticles can be used to form a stable suspension and improve the thermal
properties of the base ﬂuid. Studies have shown the addition of small concentrations of metal or metal
oxide nanoparticles to a ﬂuid can improve its thermal conductivity value [63–65]. Studies have also
shown a number of factors can directly inﬂuence the thermal properties of a nanoﬂuid. These factors
include: (1) concentration of nanoparticle or volume fraction; (2) particle size and morphology of
the suspended nanoparticles; (3) temperature of the nanoﬂuid; and (4) distribution of the dispersed
nanoparticles [66–69]. Importantly from a direct solar absorption collector point of view, the addition
of nanoparticles can change the optical properties of the ﬂuid from being mostly transparent to highly
absorbing over the solar spectrum [17,18,70,71]. Because of the importance of producing nanoﬂuids
with long-term stability, the following sections discuss the synthesis and stabilization techniques used
to manufacture nanoﬂuids.
Table 2. A selection of thermal conductivities of solid particles and working ﬂuids at 25 ◦C.
Material Thermal Conductivity (Wm−1K−1) Reference
Metals
Gold 315 [72]
Silver 424 [72]
Copper 398 [72]
Aluminum 273 [72]
Iron 80 [72]
Steel 46 [21]
Stainless Steel 16 [21]
Metal Oxides
Alumina (Al2O3) 40 [73]
Cupric Oxide 77 [57]
Iron (II, III) Oxide 7 [74]
Titanium dioxide 8.37 [75]
Zinc Oxide 29 [76]
Carbons
Amorphous Carbon 1.59 [77]
Diamond 900–2320 [77]
Carbon Nano-ﬁbers 13 [78]
Carbon Nanotubes 2000 [79]
C60–C70 (Fullerenes) 0.4 [57]
Graphite 2000 [80]
Working Fluids
Water 0.608 [81]
Ethylene Glycol 0.257 [72]
4.1. Synthesis and Stabilization of Nanoﬂuids
A nanoﬂuid can be produced by mixing a nanoparticle-based powder in a suitable base ﬂuid.
The mixture then undergoes sonication to break up any particle agglomerations formed during mixing
to create a well-dispersed nanoparticle suspension. After sonication, a stabilizing agent is added
to the suspension to prevent further nanoparticle clustering. The addition of a stabilizing agent is
important, since many nanometer-scale materials are hydrophobic and will agglomerate to form
particle clusters that precipitate out of solution. Furthermore, nanoparticle surface reactivity means
a reaction with both ﬂuid and stabilizing agent will take place to produce an interfacial layer. The
resulting interfacial layer will directly inﬂuence the functionality of the nanoﬂuid. Furthermore,
the nanoﬂuid will only remain stable if columbic repulsion of the nanoparticles is greater than the
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attracting van der Waals forces. Otherwise the nanoparticles will cluster and form ﬂocculates and
aggregates [82,83]. Thus, nanoparticle clustering must be avoided, since the solid phase must be
dispersed for the nanoﬂuid to retain its unique properties and functionality. On the other hand,
stabilizing agents can change the chemical nature of the nanoﬂuid and inﬂuence its optical, thermal
and hydrodynamic properties [57]. Therefore, a balance must be achieved between all constituents
without compromising nanoﬂuid performance.
4.2. Synthesis Techniques
Due to the high demand for nanoparticle-based materials, two manufacturing approaches have
developed over the years. The ﬁrst is the top-down approach and involves reducing the size of
bulk materials by physical or chemical processes. The ﬁnal particle size, shape and surface structure
are all dependent on the processing technique used. Furthermore, during the top-down approach
surface imperfections are produced and ultimately inﬂuence the physicochemical properties of the
manufactured nanoparticles. The second is the bottom-up approach and involves the assembly of
individual atoms, molecules and smaller particles. Both approaches use a wide variety of physical
and chemical manufacturing processes, which have evolved to produce nanoparticles with different
sizes, shapes and compositions. For example, a typical top-down physical process involves grinding
bulk materials down to the desired particle size. A more complex physical method is evaporating bulk
metal precursors in an inert-gas atmosphere, which is then followed by vapor condensation. During
vapor condensation, nanoparticle sizes and the particle size distribution are controlled by regulating
the condensation conditions. Other techniques that use metal evaporation include arc plasma, laser
ablation, lithography, high-energy irradiation and resistive heating [84–87]. Alternatively, chemical
processing techniques such as chemical reduction, electrochemistry and photochemical reduction
are used to produce nanoparticles [88–91]. Wet chemical synthesis is a popular route that reduces
metal salt solutions in the presence of a stabilizing agent. Particle size, size distribution, shape and
physicochemical properties are all inﬂuenced by process parameters. These parameters include initial
reagent concentrations, temperature and reaction mixture pH. Moreover, during synthesis there are
interactions taking place between precursor ions, reducing agents and the adsorption kinetics of the
stabilizing agent. The competing parameters ultimately dictate the properties of the manufactured
nanoparticles [92,93]. Because of these dynamic and competing parameters, current research are
focused on developing a complete understanding of the formation mechanisms and how to effective
control them to produce nanoparticles with speciﬁc physicochemical properties [94].
Nanoﬂuids can be thought of as composite materials consisting of a discrete solid phase
(nanoparticles) and a continuous liquid phase. However, nanoparticles have large surface areas, high
surface reactivity’s and are constantly colliding (Brownian motion) to form particle clusters that readily
precipitate out of solution. Particle clustering, precipitation and sedimentation are serious drawbacks.
However, recent research has focused on overcoming these drawbacks. Studies have looked at using
a one-step method to produce nanoparticles within the working ﬂuid. For example, Eastman et al.
developed a one-step evaporation/condensation method to produce copper (Cu)/ethylene glycol
nanoﬂuids. The ﬂuids contained small concentrations of Cu nanoparticles (smaller than 10 nm) that
equated to a dispersed volume fraction of 0.3% [67]. However, the shortcoming of the one-step method
is the presence of residual reactants not used in nanoparticle synthesis. The unused reactants become
contaminants and are difﬁcult to remove. The one-step method is in direct contrast to the more
traditional two-step approaches. In two-step approaches, the ﬁrst step produces the nanoparticles,
and the second disperses the nanoparticles in the ﬂuid. The advantages of the two-step approach
are cost effectiveness and the ability to produce large volumes of nanoﬂuids. This is because many
nanoparticle-based powders are commercially available [95–97].
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4.3. Nanoﬂuid Stabilization Methods and Stability Evaluation Methods
Nanoﬂuid stability is very important, and in spite of nanoparticles having extremely small sizes
and relatively high kinetic energies resulting from Brownian motion, they do not remain in suspension.
With time, nanoparticles settle out of solution under the inﬂuence of gravity. While in solution
nanoparticle motions are the result of interactions involving van der Waals forces, electrical double
layer action and steric action. Balancing the various competing interactions leads to nanoparticle
dispersion and prevents clustering and sedimentation. From a practical point of view, clustering
and sedimentation cause two problems. The ﬁrst results from the loss of photo-thermal and thermal
properties of the nanoﬂuid. The second results from the build-up of sediments in the solar collector.
The circulating sediments cause tube wall abrasion and the accumulating sediments reduce ﬂow.
Therefore, keeping nanoparticles dispersed is critical for the stability and performance of the nanoﬂuid.
Section 4.3.1 discusses several physical and chemical methods used to keep nanoparticles in suspension.
While Section 4.3.2 reviews several evaluation methods for determining nanoﬂuid stability.
4.3.1. Methods to Enhance Nanoﬂuid Stability
Physical Methods
Physical methods used to promote nanoﬂuid stability include mechanical agitation, stirring and
ultrasonic vibration [98]. Mechanical stirring techniques have been used by several researchers, where
the working ﬂuid was distilled water and titanium oxide (TiO2) and aluminum oxide (Al2O3) were
the respective solid phases in the nanoﬂuids [99,100]. While several articles have reported the use
of ultrasonic vibration to disperse and suspend a variety of nanoparticles in different base ﬂuids.
For example, Duan et al. have investigated the inﬂuence of sonication time on particle size and its
inﬂuence on viscosity for Al2O3—water nanoﬂuids [101]. While Eastman et al. [102], Lee et al. [66],
and Wang et al. [100] have used two-step synthesis methods to produce Al2O3 nanoﬂuids under
the inﬂuence sonication and stirring to reduce particle clustering. A study by Hong et al. found
increasing sonication times lead to less particle clustering during the synthesis of iron (Fe)/ethylene
glycol nanoﬂuids [103]. Whereas, the inﬂuence of sonication time and power on long-term stability
of TiO2—water nanoﬂuids were studied by Lotﬁzadeh Dehkordi et al. Their study found increasing
sonication time and power during synthesis reduced particle clustering [104].
Effect of Surfactants
Physical dispersion methods are unsuitable for nanoﬂuids used in direct solar absorption
collectors. Instead, chemical methods are used. Steric stabilization is a chemical method that introduces
small amounts of surfactant into the nanoﬂuid to modify the surface properties of the nanoparticles.
Surfactants are amphiphilic compounds that contain a hydrophobic tail and a hydrophilic polar head
group [105]. The hydrophobic tails attach to the naturally occurring hydrophobic nanoparticles, while
the hydrophilic polar heads radiate out to form a hydrophilic outer layer that interacts with the
surrounding polar ﬂuid (i.e., water). Thus, surfactants improve nanoparticle wettability by reducing
surface tension and promoting greater ﬂuid continuity. Therefore, selecting the correct surfactant is a
very important factor that must be considered when producing a stable nanoﬂuid. Surfactants come
in four classes. The classes are based on head composition and include amphoteric, cationic, anionic,
and non-ionic [106]. As a rule, nanoﬂuids composed of a polar solvent should use a water-soluble
surfactant. While nanoﬂuids composed of non-polar ﬂuids (i.e., oil) should use an oil-soluble surfactant.
However, in spite of the wide range of commercially available surfactants, several problems have
been reported in the literature [107]. For example, several studies have reported increasing surfactant
concentrations can increase nanoﬂuid viscosity [108,109]. Further problems include foam generation,
contamination and lower heat transfer properties. In particular, irreversible surfactant deterioration
has been reported for temperatures above 60 ◦C. The resulting deterioration produces instability,
particle aggregation and sedimentation [110].
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Surface Functionalization of Nanoparticles
Surfactants can improve stability, but problems such as contamination, foaming and loss of
thermal properties can reduce nanoﬂuid performance [98,111,112]. Surface functionalization is a
surfactant-free approach that can deliver long-term nanoﬂuid stability without the problems normally
associated with surfactants. Several approaches are reported in the literature. For example, Joni et al.
have used nitrogen doping during bead-milling to produce titanium dioxide (TiO2) nanoparticles [113].
While Kulkarni et al. have examined the functionalization of copper oxide (CuO) nanoparticles [114]
and Yang et al. have grafted silanes directly onto silica (SiO2) nanoparticles [58]. Similar studies have
also looked at grafting polymeric or functional moieties onto different types of nanoparticles for use in
nanoﬂuids and nanocomposite materials [115,116]. For example, Tang et al. have used polymethacrylic
acid (PMAA) to functionalize the surface of Zinc oxide (ZnO) nanoparticles. In their study, they found
the hydroxyl groups present on nanoparticle surfaces interacted with the carboxyl groups of the
PMAA. The resulting interactions formed poly (zinc methacrylate) complexes, which promoted greater
dispersion and prevented particle agglomeration [117]. In recent years, carbon materials (graphite,
graphene, carbon black, carbon nanotubes) and a variety of ﬂuids (water, alcohols, glycols, oils, and
their mixtures) have been investigated for the manufacture of nanoﬂuids [118–120]. Carbon materials
have a hydrophobic character, which makes them prone to aggregation and precipitation in water.
In terms of surface functionalization, Hwang et al. have used mechanical/chemical reaction techniques
to deposit hydrophilic functional groups onto carbon nanotubes to prevent aggregation [57]. While
Chen et al. have used a surfactant free technique to deposit hydroxyl groups onto double and single
walled carbon nanotubes. The surface hydroxyl groups were found to dispersed both double and single
walled carbon nanotubes in their respective ﬂuids and promote nanoﬂuid stability [121]. Alternatively,
Qu et al. have used a plasma-base technique using gas mixtures (methane and oxygen) to deposit polar
groups on diamond nanoparticles. The polar groups were found to improve the dispersion properties
of diamond nanoparticles in water [122].
pH Control of Nanoﬂuid Stability
Controlling the surface charge on nanoparticles by regulating ﬂuid pH is a technique that can
increase nanoﬂuid stability. Creating a high surface charge produces an electrical double-layer
around the nanoparticle, which results in strong repulsive Coulombic forces that promote particle
dispersion [98]. pH variation effects on dispersion stability and other properties of the resulting
nanoﬂuid have been studied by several researchers over the last decade. For example, Xian-Ju et al.
have studied the effect of pH on dispersion stability and viscosity for alumina (Al2O3) and Cu based
aqueous nanoﬂuids. In their studies, sodium dodecyl benzene sulfonate (SDBS) was used as the
surfactant, while the addition of either hydrochloric acid (HCl) or sodium hydroxide (NaOH) were
used to control the pH value of the respective nanoﬂuids. The studies found viscosity of alumina-based
ﬂuids were generally higher than Cu-based ﬂuids for the sameweight fraction and pH value. Dispersed
and stable nanoﬂuids were produced for particular pH ranges (alumina-based: between 7.5 and 8.9,
Cu-based: 7.6). However, when the pH value was below 7 both nanoﬂuid types experienced instability
that resulted in agglomeration and rapid sedimentation [123]. A study by Yang et al. also examined
the rheological behavior of TiO2 loaded nanoﬂuids when the pH value was varied. Their study
investigated the effect of varying the pH value between 1.2 and 9.1, and its effect on viscosity for a
54.5 wt % (24 vol %) TiO2, (mean particle size of 0.24 μm) nanoﬂuid. The highest viscosities were
recorded for pH values between 5 and 6.5, while lower viscosities were observed for nanoﬂuids with a
pH value of 9. However, their study did not report on the long-term stability of the nanoﬂuids [124].
Similarly, a study by Jia-Fei et al. found the pH value inﬂuenced the viscosity and stability of silicon
dioxide (SO2) based nanoﬂuids with particle sizes around 20 nm. Variations in pH between 5 and 7
produced signiﬁcant increases in viscosity. While pH values less than 5 produced lower viscosities [125].
Other studies have also shown pH values that vary from the nanoparticles isoelectric point (IEP), the
colloidal suspension (nanoﬂuid) becomes more stable [126,127]. For example, acid washing of carbon
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nanotubes can improve their dispersion in water-based nanoﬂuids [128,129]. While studies have also
shown the variation of pH can change nanoﬂuid thermal properties [110,123,130]. For example, a study
by Amrollahia et al. revealed pH was an important factor in determining both nanoﬂuid stability
and thermal conductivity [131]. Furthermore, Youseﬁ et al. found variation of pH with respect to
the isoelectric point could improve the performance a multi-walled carbon nanotube-based aqueous
nanoﬂuids in solar collectors [132].
4.3.2. Evaluation Methods for Determining Nanoﬂuid Stability
Long-term nanoﬂuid stability is important, but nanoparticles forming the solid phase are in
constant Brownian motion and sooner or later interact with neighboring particles. During these
interactions, strong attractive forces produce particle clustering that results in aggregation. The
agglomerations progressively get larger and under the inﬂuence of gravity begin to settle making
nanoﬂuids unstable. Besides blocking ﬂow channels in collectors, the sedimentation process also
reduces the thermal performance of nanoﬂuids. Therefore, having manufactured a nanoﬂuid it is
important to evaluate its long-term stability. The following sections discuss various techniques used to
evaluate nanoﬂuid stability.
Zeta Potential Measurement
The stability of a nanoﬂuid can be determined by measuring the electrical potential between the
dispersion medium and the stationary ﬂuid layer attached to the particle. The electrical potential is
known as the zeta potential and indicates the degree of repulsion between charged particles dispersed
in the ﬂuid. A high zeta potential indicates strong columbic repulsion forces between the dispersed
particles and smaller attractive van der Waals forces. Nanoﬂuids with high zeta potentials (negative or
positive) are considered to be electrically stable. While nanoﬂuids with low potentials will undergo
nanoparticle clustering and sedimentation. Nanoﬂuids with zeta potentials between 40 and 60 mV
are considered stable. While nanoﬂuids with zeta potentials greater than 60 mV have excellent
stability [106]. Moreover, because of straightforwardness of the technique, zeta potential measurements
are routinely used to determine nanoﬂuid stability [133–135].
Sedimentation and Centrifugation Methods
Studying sedimentation behavior is an important method for evaluating long-term nanoﬂuid
stability for a particular application. Sedimentation is a straightforward method, but is time
consuming since it relies on gravity to cause particle settling in batch columns. Because of the
time involved, photography is used to capture a series of images taken over hours, days and even
months [136,137]. Nanoﬂuids are considered stable if no sedimentation takes place over time. Several
researchers have used sedimentation as a method of determining long-term stability for a wide
variety of nanoﬂuids including Cu-H2O, TiO2-H2O and kaolinite (Al2O3·2SiO2·2H2O) in aqueous
media [138–140]. Moreover, since sedimentation takes a long time some researchers have also used
centrifugation to speed up the process. During centrifugation, the centrifugal force is many times
greater than normal gravity and sedimentation takes place more rapidly [141,142]. For example,
Singh et al. found silver (Ag) nanoﬂuids synthesized by the reduction of silver nitrate (AgNO3) in
ethanol with polyvinyl pyrrolidone (PVP) acting as the stabilizing agent were stable using conventional
sedimentation. Furthermore, when subjected to centrifugation for more than 10 h at 3000 rpm, no
sedimentation was detected. Thus, conﬁrming the Ag nanoﬂuids were very stable [143].
UV–Visible Spectroscopy Analysis
UV–Vis spectral analysis has been used by several researchers to determine nanoﬂuid
stability [49,138,144]. The technique is used when the solid phase of the nanoﬂuid has absorption
bands between wavelengths of 190 and 1100 nm. Nanoﬂuid stability is determined by monitoring the
absorption characteristics, which are equivalent to particle concentration in the ﬂuid over time. The
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technique has been used on awide range of nanoﬂuids that include Ag-H2O, gold (Au)-H2O, TiO2-H2O,
and a variety of carbons materials (carbon nanotubes, graphene) [104,143,145,146]. However, the
technique becomes difﬁcult to use for nanoﬂuids with high particle concentrations and have dark
colors. The dark color also makes it difﬁcult to see any sedimentation products [98].
Dynamic Light Scattering (DLS) Method
Dynamic Light Scattering (DLS) is a popular technique used to measure particle sizes down
to 1 nm. The technique uses a laser to illuminate dispersed nanoparticles in a ﬂuid sample. The
nanoparticles rapidly move throughout the sample due to Brownian motion. A photon detector
records the resulting scattered light ﬂuctuations, converts the data to particle velocity and then
calculates particle size and particle size distribution from the velocity data. Thus, the DLS technique
is used to monitor nanoﬂuid stability over time by measuring the variation in particle size. Stable
nanoﬂuids will have a constant mean particle size over time, while unstable nanoﬂuids will have
increasing particle sizes with time. Thus, DLS technique is used to monitor the long-term stability of
both water-based and oil-based nanoﬂuids [147,148].
5. Types of Nanoﬂuids
5.1. Pure Metals, Metal Oxides and Carbide Based Nanoﬂuids
Improvement of the thermal properties of thermo-ﬂuid by the incorporation of nanoparticles
was initially proposed by Choi in 1995 [149]. Since then there has been considerable research into
developing nanoﬂuids with unique thermo-physical properties such as thermal conductivity, thermal
diffusivity and viscosity [17,49,59,66,150]. Studies have revealed the thermo-physical properties of
several ﬂuids can be improved by the addition of small concentrations of nanoparticles. Types of
nanoparticles investigated include pure metals (Au, Ag, Cu, Al, and Fe), metal oxides (Al2O3, CuO,
Fe3O4, SiO2, TiO2, and ZnO), Carbides (SiC, TiC) and a variety of carbon materials (diamond, graphite,
single/multi wall carbon nanotubes). Many of these nanoparticle types have been incorporated into
ﬂuids such as water, water/ethylene glycol, ethylene glycol and oils. In terms of pure metals, both
Au and Ag nanoparticles have been studied because of their unusual optical, electronic and chemical
properties, which are size and shape dependent [151–153]. Both Au and Ag have high thermally
conductivities and their addition to ﬂuids for heat transfer applications would be interesting, but
very few studies have examined their use in solar collectors. However, a recent study by Filho et al.
revealed Ag nanoparticle-based nanoﬂuids had good photo-thermal conversion properties for particle
concentrations of 1.62, 3.25 and 6.5 ppm. Their study also found the speciﬁc absorption rate (SAR) was
only discernable during initial heating, and at higher particle concentrations there was a signiﬁcant
reduction in performance. The reduced performance was the result of factors such as particle clustering
near the ﬂuid surface, which in turn reduced sunlight entering the nanoﬂuid [154]. While a recent study
by Chen et al., investigated the photo-thermal conversion efﬁciency of Au-based nanoﬂuids. In their
study, Au nanoparticles of varying sizes (25 nm, 33 nm, and 40 nm) were dispersed in water-based
nanoﬂuids. The presence of Au nanoparticles was found to enhance solar absorption with respect
to pure water for small particle concentrations. Trials in cube shaped and ﬂat shaped direct solar
thermal absorption collectors revealed photo-thermal conversion efﬁciencies of 19.9% and 21.3%
respectively [155]. However, because of the cost of noble metals, several researchers have investigated
less noble metals and alternative materials. For example, Eastman et al. have used combinations of
Cu nanoparticles and ethylene glycol to produce nanoﬂuids. For a nanoﬂuid with a dispersed Cu
nanoparticle volume of 0.3% there was a 40% increase in the ﬂuids thermal conductivity [67]. While
in an earlier study using water-based nanoﬂuids, Eastman et al. reported a volume fraction of CuO
nanoparticles (5 vol %) could produce a 60% increase in thermal conductivity. Similarly, they also
found thermal conductivity enhancements of around 40% for aqueous nanoﬂuids containing small
volumes of Al2O3 nanoparticles (5 vol %) [102]. However, not all studies give the expected thermal
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conductivity enhancement. For instance, Hong et al. reported thermal conductivity values higher
for Fe nanoparticle-based nanoﬂuids compared to those of Cu nanoparticle-based nanoﬂuids for the
same volume fractions [156]. A selection of nanoﬂuids containing small concentrations of metal and
metal oxide nanoparticles are shown in Table 3 and presents the respective thermal conductivity
enhancements reported in the literature.
In terms of direct absorption solar collectors, Tyagi et al. using water-based nanoﬂuids with small
concentrations of aluminum (Al) nanoparticles investigated their performance in ﬂat-plate collectors.
Their study found the presence of nanoparticles increased the absorption of incident radiation and
improved the efﬁciency of the collectors by 10% compared to collectors using pure water [16]. In a
similar study, Saidur et al. found even a small (1%) volume fraction of Al nanoparticles in water-based
nanoﬂuids could improve solar absorption [97]. In terms of oil-based nanoﬂuids, Sokhansefat et al.
has numerically studied the heat enhancement of an Al2O3—synthetic oil based nanoﬂuids when used
in parabolic trough/tube collectors. Al2O3 nanoparticle volume fractions ranging from 1% to 5% were
examined over a number of temperatures ranging from 300 to 500 ◦K. The resulting improvements in
heat transfer coefﬁcients over this temperature range were between 5 and 15% compared to collectors
using pure synthetic oil [157]. Similarly, Lee et al. have measured the effective thermal conductivities
and viscosities of water-based nanoﬂuids containing low-volume fractions of Al2O3 nanoparticles
(0.01–0.3%). The results of their study reveal a near linear increase in thermal conductivity with
increasing volume fraction. While the measured viscosity values showed a nonlinear trend over the
entire range of volume fractions [158]. Whereas Luo et al. has used numerical modelling to evaluate the
radiative transport equations, conduction equations and convection heat transfer equations for several
particulate oil-based nanoﬂuids employed in direct solar thermal absorption collectors. To evaluate
their modelling, they prepared a selection of nanoﬂuids and used a solar radiation simulator to
investigate the performance of each nanoﬂuid. The solid phases used in the respective nanoﬂuids
included Cu, Ag, Al2O3, SiO2, TiO2, graphite nanoparticles, and carbon nanotubes. All nanoﬂuids used
Texatherm oil as the ﬂuid phase. The results of the experimental studies conﬁrmed their modelling
predictions. The studies also revealed improved outlet temperatures and collector efﬁciencies for all
nanoﬂuids except those with a TiO2 solid phase [45]. While studies carried out by Murshed et al.
have shown water-based nanoﬂuids with TiO2 nanoparticles have increasing thermal conductivities
when the particle volume fraction increases [159]. This study also highlighted the importance of
using the appropriate ﬂuid for a speciﬁc solid phase to gain the most desirable thermal conductivity
enhancements. For further information regarding the performance of nanoﬂuids and their application
in solar energy systems, the authors would like to recommend the following three recent reviews by
Bozorgan & Shafahi [160], Kasaeian et al. [41] and Reddy et al. [161].
5.2. Carbon Nanomaterial Based Nanoﬂuids
5.2.1. Carbon Nanomaterials
Carbon is one of the most abundant elements in the Earths biosphere. Nature has used this
element, coupled predominantly with oxygen and hydrogen to form a diverse range of organic
compounds. Furthermore, carbon atoms can bond with themselves in a number of different ways to
form a variety of carbon materials or allotropes of carbon. Each of these allotropes has differences in
their respective material properties. Typical carbon allotropes include amorphous carbon, diamond and
graphite. Carbon allotropes can also have a variety of structures and morphologies such as crystalline
(i.e., diamond, three dimensional, 3D), graphite sheets (2D) and carbon nanotubes (1D). Moreover, the
discovery of Buckminster-fullerenes, or Bucky balls by Kroto et al. in the mid-1980s, stimulated the
search for new forms of carbonaceous materials [162]. Carbon nanomaterials are of particular interest,
since they are black in color, whichmakes them ideal for solar absorption applications. In addition, their
very high thermal conductivity also makes them ideal additives for nanoﬂuids [163–165]. For example,
the thermal conductivity of carbon nanotubes (2000 to 6000 Wm−1K−1) are an order of magnitude
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higher than metals like Au (315 Wm−1K−1) and Cu (398 Wm−1K−1), and metal oxides such as Al2O3
(40 Wm−1K−1) and CuO (77 Wm−1K−1) as seen in Table 2. New forms of carbon nanomaterials
include: (1) single and multi-wall carbon nanotubes [166,167]; (2) nanoballs [168]; (3) fullerenes C70,
C76 [169], C84 [170], C60 in a crystalline form, nanocones [171], nanohorns [172], nanoﬁlaments [173],
nanocapsules [174]; (4) graphite nanoparticles [175]; (5) graphene and graphene oxide [176,177];
(6) carbon black [178,179], and (7) carbon nanospheres (CNS) [180,181]. Figure 3 and Table 3 presents
a selection of carbon allotropes that are currently being investigated as potential solid additives for
carbon-based nanoﬂuids. The following sections discuss the incorporation of carbon nanomaterials
into ﬂuids to improve their thermal performance in direct solar thermal absorption collectors.
 
Figure 3. A selection of carbon allotropes that have been examined for use in
nanoﬂuids [164,169,175,177].
5.2.2. Carbon-Based Nanoﬂuids for Direct Solar Absorption Collectors
Several studies have revealed the addition of small quantities of carbon nanomaterials to a ﬂuid
(i.e., water) can improve its thermal properties [55,79,121]. Therefore, selecting the appropriate carbon
nanomaterial and ﬂuid is important for creating nanoﬂuids with enhanced thermal properties. Studies
have shown improved ﬂuid thermal conductivity can be achieved by the addition of small quantities
of carbon nanomaterials with high thermal conductivities. The following sections discuss the various
carbon allotrope additives used to improve the thermal performance of various types of ﬂuids.
Carbon Nanotube-Based Nanoﬂuids
Carbon nanotubes (CNTs) are one-dimensional carbon-based cylinders with high aspect ratios.
The cylindrical structure is composed of either single walled (SWCNTs) [182,183] or multi-walled
(MWCNTs) [130,184–186] conﬁgurations. CNTs synthesis was ﬁrst reported by Iijima in 1991 and since
then the unique thermo-physical properties of these materials have been extensively studied [166].
An early study by Choi et al. found the addition of small quantities of MWCNTs (1 vol %) dispersed
in poly (alpha-oleﬁn) oil could improve the oils thermal conductivity by 160% [79]. Similar studies
by Natarajan and Sathish have also shown thermal conductivity values of several ﬂuids used in solar
heaters can be improved by the addition of small concentrations of CNTs [187]. Moreover, a recent study
examining optical properties, thermal conductivities and dispersion stability of several water-based
nanoﬂuids containing small concentrations of CNTs by Karami et al., found improvement in these
properties when compared to pure water. Their study used a two-step method, which began by treating
the CNTs with carboxylate functional groups. In the second step, functionalized CNTs (150 ppm)
were added to the ﬂuid to produce a 32% improvement in thermal conductivity. The presence of the
carboxylate functional groups also promoted dispersion stability. Thus, making CNT/water-based
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nanoﬂuids a viable candidate for low-temperature direct absorption solar collectors [188]. While
a recent study by Lee and Jang to determine the extinction coefﬁcient for MWCNTs disperse in
water-based nanoﬂuids, found that only a small volume fraction (0.5 × 10−3 vol %) was needed
to completely absorb all incident solar irradiation at a wavelength of 632.8 nm. The study also
undertook comparative studies between the MWCNT-based nanoﬂuids, graphite-based nanoﬂuids
and single-walled carbon nano-horn (SWCNH)-based nanoﬂuids previously reported in the literature.
The results of the comparison studies revealed for a small volume fraction range (0.5 × 10−3 to
0.5 × 10−2 vol %) both MWCNT and SWCNH nanoﬂuid extinction coefﬁcients tended to increase
linearly. While the graphite-based nanoﬂuid extinction coefﬁcients were nonlinear over the same
volume fraction range [189]. The role of surfactants in stabilizing CNT-based nanoﬂuids have
been investigated by several researchers. For instance, Thierry Maré et al. have reported using
sodiumdodecylbenzene sulfonate (SDS) to stabilize water-based CNT nanoﬂuids for use in heat
exchangers and energy systems [190]. Whereas, Fadhillahanaﬁ et al., have reportedly used PVP as
a stabilizing agent in water-based MWCNT nanoﬂuids. Their study revealed thermal conductivity
values for nanoﬂuids with PVP were higher than those without the surfactant. In particular, nanoﬂuids
with small mass fractions (~0.5 wt %) and small concentrations of PVP (~0.01 wt %) produced thermal
conductivity enhancements of around 22.2% [129].
Nano-Diamond Nanoﬂuids
In recent years, several researchers have appraised the thermal conductivity properties of
nano-diamond nanoﬂuids [191,192]. Studies by Ghazvini et al. investigated nanoﬂuids composed
of water/engine oil mixtures and small quantities of nano-diamonds (ND). They found the addition
of small mass fractions (~1.0 wt %) could produce thermal conductivity enhancements of around
25% [193]. While studies by Ma et al. found the addition of small quantities of NDs (0.01 vol %) to
water-based nanoﬂuids increased the pure waters thermal conductivity from 0.581 W m−1K−1 to
1.003 W m−1K−1 [194]. Similarly, Yu et al. have reported adding small volume fractions (~1.0 vol %) of
NDs to ethylene glycol to produce thermal conductivity enhancements of around 17.23% [195]. While
Taha-Tijerina et al. have added small amounts of NDs (0.1 wt %) to mineral oil-based nanoﬂuids to
deliver thermal conductivity enhancements of around 70% [192]. On the other hand, Assael et al. found
small quantities (~1.0 wt %) of poorly dispersed NDs in aqueous mixtures containing a surfactant
(SDS, 45.0 wt %) only produced thermal conductivity enhancements of 2% [196].
Graphite and Graphene Nanoﬂuids
Several researchers have investigated the change in thermal properties of ﬂuids after the addition
of small quantities of graphite or graphene [175,197–199]. Ladjevardi et al. have used numerical
modelling and experimental studies to examine the inﬂuence of particle size and volume fractions
on the performance of graphite nanoﬂuids in direct absorption solar collectors. Their study found
small volume fractions (~0.25 × 10−5 vol %) of nanometer-scale graphite in water absorbed 50%
of all incident solar irradiation, while pure water absorbed only 27% [175]. Studies by Taylor et al.
have also examined the inﬂuence of adding small quantities of graphite nanoparticles to water-based
nanoﬂuids designed for solar collectors. Their studies demonstrated that it was possible to achieve
collector performance improvements of around 10% [200]. Whereas, Eswaraiah et al., have examined
the mechanical properties resulting from the addition of graphene to engine oil-based nanoﬂuids.
The study revealed the bearing action of graphene and its high strength enhanced the mechanical
properties of the respective nanoﬂuids [201]. Furthermore, Ghozatloo et al. have examined the thermal
conductivity enhancement of water-based nanoﬂuids when small amounts of grapheme were added.
The study revealed the convective heat transfer coefﬁcient at 38 ◦C was increased by 35.6% when a
small amount of graphene (0.1 wt %) was added to the nanoﬂuid. The study also found the addition
of small amounts of graphene (~0.075 wt %) produced thermal conductivity improvements of around
32% [202].
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Carbon Black and Other Carbon-Based Nanoﬂuids
Literature in the ﬁeld is limited, but a small number of studies were carried out to investigate
the effects produced by the addition of other carbon-based materials to nanoﬂuids. For example,
Kirilov et al. have examined properties such as wettability and surface adsorption characteristics
of carbon particles treated with heated hydrogen peroxide (H2O2) solutions. The treated carbon
particles were then dispersed in a ﬂuid mixture consisting of water and propylene glycol. The
resulting carbon-black nanoﬂuids displayed good photo-thermal properties and produced signiﬁcant
temperature increases over time when exposed to solar irradiation [203]. Carbon-black nanoﬂuids
have also been studied by Han et al. to determine their thermal conductivities, optical properties
and photo-thermal responses to solar irradiation. Their studies revealed the properties tended to
increase with increasing volume fractions of carbon-black in the water-based nanoﬂuids. The studies
also conﬁrmed carbon-black nanoﬂuids could be used in solar thermal applications [55]. While in
a study by Meng et al., the thermal conductivities of carbon-black loaded ethylene glycol-based
nanoﬂuids were found to increase with particle loading and temperature. Their study also conﬁrmed
the feasibility of using carbon-black nanoﬂuids in direct solar absorption collectors [204]. Whereas,
Poinern et al. have produced carbon nano-spheres (CNS) from the pyrolysis of acetylene gas. The
resulting CNSs were then incorporated into water-based nanoﬂuids [181]. Their study found increasing
quantities of CNSs in the nanoﬂuids improved their photo-thermal response and conﬁrmed the use of
CNS-based nanoﬂuids in direct solar absorption collectors. Alternatively, Karami et al. have examined
the enhanced optical properties resulting from the inclusion of small quantities of carbon nano-balls
(300 ppm) in nanoﬂuids composed of water and ethylene glycol. The transmittance data collected
during their study revealed the water-based nanoﬂuids were superior absorbers [168]. Also using
ethylene glycol-based nanoﬂuids, Sani et al. were able to demonstrate long-term stability (greater
than 6 months) for ﬂuids containing small quantities of dispersed single-wall carbon nano-horns
(SWCNHs) [51].
Table 3. A selection of thermal conductivity measurements from several nanoﬂuid studies.
Nanoparticle Particle Size(nm) Working Fluid Fraction
Thermal
Enhancement (%) Reference
Metals
Ag <100 Water 0.3–0.9 vol % 30 at 50 ◦C [50]
Ag 100–500 Ethylene Glycol 0.1–1.0 vol % 18 [205]
Cu 50–100 Water 0.1 vol % 24 [206]
Cu <10 Ethylene Glycol 0.01–0.05 vol % 41 [67]
Fe 10 Ethylene Glycol 0.1–0.55 vol % 18 [103]
Metal Oxides
Al2O3 9 Water 2–10 vol % 29 [207]
Al2O3 28
Water/Ethylene
Glycol 3–8 vol % 41 [100]
Al2O3 650–1000 Transformer oil 0.5–4 vol % 20 [208]
CuO 100 Water 7.5 vol % 52 [209]
TiO2 15 Water 0.5–5 vol % 30 [159]
SiO2 12 Ethylene Glycol 1–4 vol % 23 [210]
Carbons
Carbon Black 190 Water 4.4–7.7 vol % 10 at 35 ◦C [55]
carbon/graphene oxide Not speciﬁed Ethylene Glycol 0–0.06 wt % 6.47 at 40 ◦C [211]
SWCNT Dia. 10–50Len. 0.3–10 μm Diesel Oil 0.25–1 vol % 10–46 [212]
MWCNT 25 nm × 50 μm Oil 1 vol % 150 [79]
MWCNT Dia. 10Len. 5–15 μm Gum Arabic & Water 0.14-0.24 vol % 10 [213]
6. Modelling Nanoﬂuid Thermal Conductivity
The thermal conductivity of ﬂuids used in solar thermal collectors are much lower than solid
materials as seen in Table 2. Because solid materials have superior heat transfer properties, small
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metallic or non-metallic particles are used as additives to enhance the thermal performance of
ﬂuids. When nanoparticles are added, the resulting dispersion is known as a nanoﬂuid. However,
anomalous property behavior has been reported. For example, measurements have revealed the
anomalous behavior tends to improve the ﬂuids thermal conductivity value. Over the years, numerous
theoretical models were developed to try and predict the thermal conductivity of ﬂuids containing
a small volume of dispersed solid phase of particles. The ﬁrst model aimed at explaining the
thermal conductivity enhancements seen in ﬂuids containing small spherical particles was developed
Maxwell [214]. Maxwell's model is designed for small concentrations of small non-interacting spherical
particles dispersed in a continuous homogeneous isotropic material. The nanoﬂuids effective thermal
conductivity (keff) is determined by Equation (2), which incorporates the thermal conductivities of the
solid phase (ks) and ﬂuid (kf). While the volume fraction is φ and β expresses the ratio of thermal
conductivities (β = ks/kf).
ke f f
k f
= 1+
3(β− 1)∅
(β+ 2)− (β− 1)∅ (2)
However, limitations in the model has resulted in several researchers modifying its structure to
take into account factors such as particle size, particle shape, types of ﬂuids, the effect of respective
phase thermal conductivities and temperatures [48]. While other studies have suggested incorporating
mechanisms such as Brownian motion, a liquid-solid interface layer surrounding the dispersed
nanoparticles and particle clustering to explain the thermal conductivity enhancements seen in
nanoﬂuids [215]. Thus, modelling nanoﬂuid properties such as thermal conductivity presents a
major challenge that involves developing a formal theoretical basis and understanding of the various
mechanisms involved to explain the experimental results reported in the literature. A selection of
signiﬁcant models developed by researchers to overcome some of the shortcomings of Maxwell’s
model is presented in the following discussion. However, a more detailed mathematically analysis
and discussion of thermal conductivity modelling can be found in the literature [216–219].
Hamilton and Crosser extended Maxwell's equation to take into account the inﬂuence of
non-spherical particles [220]. The inclusion of an empirical shape factor (n = 3/ψ) was designed
to take into account the non-spherical nature of particles. The sphericity (ψ) is the ratio between
the surface area of a spherical particle and the surface area of a non-spherical particle, with both
having equal volumes. Once the shape factor is incorporated, the effective thermal conductivity can be
calculated using Equation (3).
ke f f
k f
= 1+
n(β− 1)∅
(β+ n− 1)− (β− 1)∅ (3)
When the ratio of thermal conductivities is less than 100 (β < 100), the shape factor n becomes 3 and
Equation (3) is equivalent to Maxwell’s equation. However, when the ratio of thermal conductivities is
greater than 100 (β > 100), the shape factor is deﬁned by n = 3/ψ. Thus, the shape or aspect ratio of
a particle directly inﬂuences a nanoﬂuids thermal conductivity. For example, Evans et al. studying
clustering and interfacial thermal resistances found nanoparticles with high aspect-ratios, instead
of spheres, gave larger thermal conductivities for speciﬁc particle concentrations [221]. Similarly,
Murshed et al. found cylindrical TiO2 nanoparticles (10 nm × 40 nm) produced slightly higher
thermal conductivities than spherical nanoparticles (15 nm) in water-based ﬂuids [159]. A drawback
of Hamilton and Crosser's model, like Maxwell's model, is that it does not take into account the size
of the dispersed particles. Importantly, recent studies have shown the high surface area-to-volume
ratio of nanoparticles in suspension is an important factor. This is because nanoparticles have more of
their constituent atoms located near the surface where they can readily interact with the surrounding
ﬂuid [65,66]. In spite of the shortcoming, Equations (2) and (3) give reasonable results for nanoﬂuids
composed of dilute nanoparticle concentrations [49].
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Nanoﬂuid thermal conductivity enhancement can be reduced if the thermal conductivity of
the ﬂuid phase increases for a particular nanoparticle type. Also, changes in temperature directly
inﬂuences Brownian motion, which impacts on nanoparticle behaviors such as particle collisions,
thermal interactions and diffusion [222–224]. Recent studies have suggested several models to
explain the contribution of Brownian motion to thermal conductivity enhancement. However,
Brownian motion by itself cannot explain the thermal conductivity improvements seen in nanoﬂuids.
The high surface area to volume ratio promotes not only large heat transfers between individual
nanoparticles, but also transfers to surrounding ﬂuid particles. Furthermore, as nanoparticles
randomly travelling through the ﬂuid they also carry attached ﬂuid molecules along with them
creating micro-scale convective effects that promote greater thermal conduction [219,225]. Thus, recent
modelling and experimental studies have examined the inﬂuence of particle size, ﬂuid type and
thermal interfacial resistance between nanoparticles [226–228]. Furthermore, several researchers have
examined the inﬂuence of particle clustering and nano-layer formation resulting from the attachment
of ﬂuid molecules to the nanoparticle surface as possible contributing mechanisms to thermal
conductivity [229,230]. Consequently, recent studies have investigated the inﬂuence of nano-layer
thickness and heat transfer between nanoparticle and the surrounding ﬂuid environment [230,231].
Beginning with Maxwell's model, Yu and Choi incorporated δ (ratio of the nano-layer thickness to
the original particle radius) to account for the inﬂuence of an ordered nano-layer composed of ﬂuid
molecules surrounding a dispersed nanoparticle. In addition, they also replaced the solid phase
thermal conductivity term (ks) with a modiﬁed nanoparticle thermal conductivity term (kse) [232].
Thus, the effective thermal conductivity for a nanoﬂuid, incorporating a nano-layer, can be calculated
using Equation (4).
ke f f
k f
=
kse + 2 k f + 2
(
kse − k f
)
(1+ δ)3 ∅
kse + 2k f −
(
kse − k f
)
(1+ δ)3 ∅
(4)
Similar studies have modelled the inﬂuence of nano-layering and its outcome on effective thermal
conductivity for several nanoﬂuids with varying degrees of success [233,234]. However, studies
have also shown the importance of nanoparticle clustering when determining the effective thermal
conductivity of nanoﬂuids [235,236]. For example, Feng et al. have proposed a model that incorporates
nano-layered nanoparticles forming clusters under the inﬂuence of attractive van derWaals forces [237].
During cluster formation, Brownian motion declines due to the increasing cluster masses. At the same
time, effective thermal conductivity increases due to increased contact between nanoparticles forming
the clusters [238]. Conversely, as larger clusters form and precipitate out of solution, the effective
thermal conductivity of the nanoﬂuid decreases [235].
From the above discussion, it is clear there is no deﬁnitive model that fully explains the anomalous
enhancement of thermal conductivity seen in nanoﬂuids. Among the models discussed, few are able
to fully explain all the mechanisms involved in thermal conductivity enhancement. Furthermore, no
single factor has been clearly identiﬁed as the reason for high thermal conductivity enhancements.
Instead a combination of factors has been identiﬁed as contributors to the overall effective nanoﬂuid
thermal conductivity. Factors identiﬁed were nanoparticle size, nano-layer thickness, micro-scale
convective effects produced by Brownian motion and nanoparticle clustering. Although there have
been many studies reporting thermal conductivity enhancement, few studies have reported other
property enhancements such as surface tension and viscosity [150]. In particular, viscosity is an
important factor in determining the pumping power needed to circulate working ﬂuids around
solar collector circuits. Recent studies have conﬁrmed the existence of viscosity enhancements in
several nanoﬂuids [239]. However, a recent review article by Mishra et al. has revealed signiﬁcant
variations between experimental measurements and viscosity values predicted by current theoretical
modelling [240]. Thus, highlighting the need for further research into developing more effective
modelling that can be used to design and improve the performance of direct solar thermal absorption
collector systems.
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7. Challenges Facing the Use of Nanoﬂuids in Direct Solar Thermal Absorption Collectors
Nanoﬂuids offer several attractive and beneﬁcial thermo-physical properties that can improve
the performance of direct solar thermal absorption collectors. In particular, thermal conductivity
enhancements seen in a number of nanoﬂuids has encouraged many researchers to evaluate their
performance in direct solar thermal absorption collectors as seen in Table 4. The results of several
studies are presented in Table 4, and conﬁrm the addition of small quantities of nanometer-scale
materials can improve the thermo-physical properties of working ﬂuids. In particular, the studies have
conﬁrmed the addition of small nanoparticle concentrations can have a signiﬁcant impact on thermal
conductivity enhancement. However, studies have also identiﬁed a number of factors that hinder the
long-term stability and viability of nanoﬂuids for practical use in solar thermal applications. Factors
include nanoparticle clustering, agglomeration and precipitation with time. Furthermore, the addition
of surfactants and additives to alleviate these factors will also change the thermo-physical properties of
the nanoﬂuid. For example, increasing concentrations of surfactants will increase nanoﬂuid viscosity
and produce larger pressure drops throughout the collector system. While the larger pressure drops
result in larger demands for pumping power to circulate the working ﬂuid. Furthermore, factors such
as changing thermo-physical properties with temperature, particle size variation, changing particle
volume fraction and photo-thermal degradation all need further investigation.
Table 4. A selection of nanoﬂuid-based direct absorption solar collector performance studies.
Nanoparticle Size (nm) Working Fluid Fraction Major Result of Study Reference
Al2O3 Below 20 Pure water 1.0 vol %
Collector efﬁciency increases partially
with increasing in particle size [97]
Al2O3 15
Distilled Water +
Triton X-100
0.2 wt %
0.4 wt %
Collector efﬁciency at 0.2 wt % is
28.3% above working ﬂuid of water.
With surfactant efﬁciency was 15.63%
[241]
CuO 25 & 50 Deionized water(surfactant)
0.01, 0.02, 0.04,
0.1, 0.2 wt %
Good absorption while transmittance
decreases with increasing
nanoparticle size and mass fraction.
[242]
TiO2 ,10; Al2O3, 20 Ag,
50; Cu, 50, SiO2, 50
Texatherm Oil 0.1, 1.0, 2.0,3.0 vol %
Collector outlet temperature and
efﬁciency were improved using Ag,
Cu, SiO2 and Al2O3, but not for TiO2.
[45]
Graphite, 35 Texatherm Oil 0.05, 3.0,5.0 vol %
5.0 vol % signiﬁcantly improved
thermal conductivity compare to
Texatherm oil
[45]
CNT Dia. 10–20 nm
Length 10–30 μm Texatherm Oil 1.0 vol %
Minor improvement in thermal
conductivity of base working ﬂuid [45]
CNT Dia. 10–20 nm
Length 0.5–2 μm Texatherm Oil 1.0 vol %
Minor improvement in thermal
conductivity of base working ﬂuid [45]
Carbon nanomaterials * Ionic Liquid(BMIM)BF4
0.005 wt %
0.01 wt %
Temperature range 20 to 145 ◦C
Thermal conductivity performance [243]
Graphite 30 (BMIM)BF4
0.005 wt %
0.01 wt %
1.0 to 3.4%
9.4 to 10.7% [243]
SWCNT, Dia. 2 nm
Length 5 to 30 μm (BMIM)BF4
0.005 wt %
0.01 wt %
6.2 to 5.8%
14.7 to 14.7% [243]
Graphene
0.8 nm single layer
Range: 0.5 to 2 μm
(BMIM)BF4
0.005 wt %
0.01 wt %
13.9 to 14.5%
16.3 to 15.4%
Carbons also displayed signiﬁcant
temperature enhancement compared
to base working ﬂuid
[243]
Functionalized CNT Deionized water 150 ppm
Thermal conductivity enhancement
of 32.2%
Also displayed good optical
properties
[188]
* Ionic Liquid: 1-Butyl-3-methylimidazolium tetra ﬂuoroborate.
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8. Conclusions
Direct solar thermal absorption collectors offer a clean and viable renewable energy source.
Their use can alleviate the detrimental consequences of greenhouse gas emissions, global warming
and environmental degradation. Unfortunately, water used in solar thermal collectors can only
absorb around 13% of incoming solar irradiation. Because of waters low absorbance, research has
focused on using nanoﬂuids with enhanced thermo-physical properties to improve solar thermal
collector performance. The review has presented an overview of recent research into nanoﬂuids
and their use in direct solar absorption collectors. Important nanoﬂuid parameters such as base
ﬂuid properties, types of solid phase, nanoparticle size and concentration, synthesis techniques
and nanoﬂuid stabilization methods were discussed. In spite of many advantages, poor long-term
nanoﬂuid stability needs to be addressed. Stability related problems include nanoparticle clustering,
precipitation and sedimentation. The addition of surfactants and additives can prevent clustering and
precipitation, but their use can have a detrimental impact on nanoﬂuid properties. The review has
also discussed the thermal conductivity enhancement seen in many nanoﬂuids, and the subsequent
performance improvements of direct solar thermal absorption collectors using nanoﬂuids. Several
studies have attempted to mathematically model thermal conductivity enhancement, but few can
fully explain the mechanisms behind this phenomenon and their subsequent contributions to the
enhancement seen in nanoﬂuids. The present work has also emphasized the relatively small number
of articles discussing other nanoﬂuid properties such as surface tension, photo-thermal response and
viscosity. Furthermore, apart from thermal conductivity enhancement, very fewmodelling studies have
been undertaken to predict nanoﬂuid properties. Thus, the present review has not only highlighted
the need to develop nanoﬂuids, but also the imperative need to investigate their unique properties
and evaluate their performance in direct solar thermal absorption collectors. Further research in this
ﬁeld is urgent, since the incorporation of nanoﬂuids in direct solar thermal adsorption collectors can
deliver an alternative, eco-friendly and viable renewable energy source.
Acknowledgments: Wisut Chamsa-ard would like to thank the Royal Thai Governments Ministry of Science and
Technology for a scholarship to undertake his PhD studies at Murdoch University, Australia.
Author Contributions: Gerrard Poinern, Chun Che Fung and Derek Fawcett as supervisors, conceived the
framework of this nanoﬂuid review and Wisut Chamsa-ard and Sridevi Brundavanam surveyed the current
literature and analyzed the data. All authors contributed to the preparation of the manuscript.
Conﬂicts of Interest: The authors declare no conﬂict of interest.
References
1. BP Statistical Review of World Energy June 2016. Available online: https://www.bp.com/content/dam/bp/
pdf/energy-economics/statistical-review-2016/bp-statistical-review-of-world-energy-2016-full-report.
pdf (accessed on 19 August 2016).
2. Banos, R.; Manzano-Agugliaro, F.; Montoya, F.G.; Gil, C.; Alcayde, A.; Gomez, J. Optimization methods
applied to renewable and sustainable energy: A review. Renew. Sustain. Energy Rev. 2011, 15, 1753–1766.
[CrossRef]
3. Panwar, N.L.; Kaushik, S.C.; Kothari, S. Role of renewable energy sources in environmental protection:
A review. Renew. Sustain. Energy Rev. 2011, 15, 1513–1524. [CrossRef]
4. Ellabban, O.; Abu-Rub, H.; Blaabjerg, F. Renewable energy resources: Current status, future prospects and
their enabling technology. Renew. Sustain. Energy Rev. 2014, 39, 748–764. [CrossRef]
5. Karcher, H.J.; Baars, J.W.M. Design of the large millimeter telescope/gran telescopio millimetrico
(LMT/GTM). In Proceedings of the SPIE 4015, Radio Telescopes, Munich, Germany, 3 July 2000; pp. 155–168.
6. Dufﬁe, J.A.; Beckman, W.A. Solar Engineering of Thermal Processes; John Wiley & Sons: Hoboken, NJ,
USA, 2006.
7. Lewis, N.S. Toward cost-effective solar energy use. Science 2007, 315, 798–801. [CrossRef] [PubMed]
8. Smil, V. General Energetics: Energy in the Biosphere and Civilization; John Wiley & Sons: New York, NY,
USA, 1991.
46
Nanomaterials 2017, 7, 131 22 of 31
9. Johansson, T.B.; Kelly, H.; Reddy, A.K.N.; Williams, R.H. Renewable Energy—Sources for Fuels and Electricity;
Island Press: Washington, DC, USA, 1992.
10. Ibrahim, A.; Othman, M.Y.; Ruslan, M.H.; Mat, S.; Sopian, K. Recent advances in ﬂat plate
photovoltaic/thermal solar collectors. Renew. Sustain. Energy Rev. 2011, 15, 352–365. [CrossRef]
11. Serrano, E.; Guillermo, R.; García-Martínez, J. Nanotechnology for sustainable energy. Renew. Sustain.
Energy Rev. 2009, 13, 2373–2384. [CrossRef]
12. Green, M. Thin-ﬁlm solar cells: Review of materials, technologies and commercial statue. J. Mater. Sci.
Mater. Electron. 2007, 18, S15–S19. [CrossRef]
13. Tian, Y.; Zhao, C.Y. A review of solar collectors and thermal energy storage in solar thermal applications.
Appl. Energy. 2013, 104, 538–553. [CrossRef]
14. Kalogirou, S.A. Solar thermal collectors and applications. Prog. Energy Combust. 2004, 30, 231–295. [CrossRef]
15. Zalba, B.; Marin, J.M.; Cabeza, L.F.; Mehling, H. Review on thermal energy storage with phase change:
Materials, heat transfer analysis and applications. Appl. Therm. Eng. 2003, 23, 251–283. [CrossRef]
16. Tyagi, H.; Phelan, P.; Prasher, R. Predicted efﬁciency of a low-temperature Nanoﬂuid-based direct absorption
solar collector. J. Sol. Energy Eng. 2009, 131, 041004. [CrossRef]
17. Otanicar, T.P.; Phelan, P.E.; Golden, J.S. Optical properties of liquids for direct absorption solar thermal
energy systems. J. Sol. Energy 2009, 83, 969–977. [CrossRef]
18. Taylor, R.A.; Phelan, P.E.; Otanicar, T.P.; Adrian, R.; Parsher, R. Nanoﬂuid optical property characterisation:
Towards efﬁcient direct absorption solar collectors. Nanoscale Res. Lett. 2011, 6, 225. [CrossRef] [PubMed]
19. Thirugnanasambandam, M.; Iniyan, S.; Goic, R. A review of solar thermal technologies. Renew. Sustain.
Energy Rev. 2010, 14, 312–322. [CrossRef]
20. Sukhatme, K.; Sukhatme, S.P. Solar Energy—Principles of Thermal Collection and Storage; Tata McGraw-Hill
Education: New Delhi, India, 1996.
21. Alghoul, M.A.; Sulaiman, M.Y.; Azmi, B.Z.; Wahab, M.A. Review of materials for solar thermal collectors.
Anti Corros. Methods Mater. 2005, 52, 199–206. [CrossRef]
22. Rabl, A. Optical and thermal properties of compound parabolic collectors. Sol. Energy 1976, 18, 497–511.
[CrossRef]
23. Gouthamraj, K.; Jamuna Rani, K.; Satyanarayana, G. Design and Analysis of Rooftop Linear Fresnel Reﬂector
Solar Concentrator. Int. J. Eng. Innov. Technol. 2013, 2, 66–69.
24. Kalogirou, S.A. A detailed thermal model of a parabolic trough collector receiver. Energy 2012, 48, 298–306.
[CrossRef]
25. Bakos, G.C. Design and construction of a two-axis Sun tracking system for parabolic trough collector (PTC)
efﬁciency improvement. Renew. Energy 2006, 31, 2411–2421. [CrossRef]
26. Zhang, H.L.; Baeyens, J.; Degreve, J.; Caceres, G. Concentrated solar power plants: A review and design
methodology. Renew. Sustain. Energy Rev. 2013, 22, 466–481. [CrossRef]
27. Wei, X.D.; Lu, Z.W.; Wang, Z.F.; Yu, W.X.; Zhang, H.X.; Yao, Z.H. A newmethod for the design of the heliostat
ﬁeld layout for solar tower power plant. Renew. Energy 2010, 35, 1970–1975. [CrossRef]
28. Kainth, M.; Sharma, V.K. Latest Evolutions in Flat Plate Solar Collectors Technology. Int. J. Mech. Eng. 2014,
1, 7–11.
29. Hellstrom, B.; Adsten, M.; Nostell, P.; Karlsson, B.; Wackelgard, E. The impact of optical and thermal
properties on the performance of ﬂat plate solar collectors. Renew. Energy 2003, 28, 331–344. [CrossRef]
30. Konttinen, P.; Lund, P.D.; Kilpi, R.J. Mechanically manufactured selective solar absorber surfaces. Sol. Energy
Mater. Sol. Cells 2003, 79, 273–283. [CrossRef]
31. Vasiliev, L.L. Heat pipes in modern heat exchangers. Appl. Therm. Eng. 2005, 25, 1–19. [CrossRef]
32. Al-Madani, H. The performance of a cylindrical solar water heater. Renew. Energy 2006, 31, 1751–1763.
[CrossRef]
33. Nixon, J.D.; Dey, P.K.; Davies, P.A. Which is the best solar thermal collection technology for electricity
generation in north-west India? Evaluation of options using the analytical hierarchy process. Energy 2010,
35, 5230–5240. [CrossRef]
34. Behar, O.; Khellaf, A.; Mohammedi, K. A review on central receiver solar thermal power plants.
Renew. Sustain. Energy Rev. 2013, 23, 12–39. [CrossRef]
35. Minardi, J.E.; Chuang, H.N. Performance of a “black” liquid ﬂat-plate solar collector. Sol. Energy 1975, 17,
179–183. [CrossRef]
47
Nanomaterials 2017, 7, 131 23 of 31
36. Grasse, W.; Hertlein, H.; Winter, C.J.; Braun, G. Thermal solar power plants experience. In Solar Power Plants;
Springer: Berlin/Heidelberg, Germany, 1991.
37. Lee, D.W.; Sharma, A. Thermal performances of the active and passive water heating systems based on
annual operation. Sol. Energy 2007, 81, 207–215. [CrossRef]
38. Eastop, T.D.; McConkey, A. Applied Thermodynamics for Engineering Technologists; Longman: London,
UK, 1977.
39. Sureshkumar, R.; Mohideen, S.T.; Nethaji, N. Heat transfer characteristics of nanoﬂuids in heat pipes:
A review. Renew. Sustain. Energy Rev. 2013, 20, 397–410. [CrossRef]
40. Ram, M.K.; Myers, P.D.; Jotshi, C.; Goswami, D.Y.; Stefanakos, E.K.; Arvanitis, K.D.; Papanicolaou, E.;
Belessiotis, V. Microencapsulated dimethyl terephthalate phase change material for heat transfer ﬂuid
performance enhancement. Int. J. Energy Res. 2017, 41, 252–262. [CrossRef]
41. Kasaeian, A.; Eshghi, A.T.; Sameti, M. A review on the applications of nanoﬂuids in solar energy systems.
Renew. Sustain. Energy Rev. 2015, 43, 584–598. [CrossRef]
42. Zhu, Q.Z.; Cui, Y.; Mu, L.J.; Tang, L.Q. Characterization of thermal radiative properties of nanoﬂuids for
selective absorption of solar radiation. Int. J. Thermophys. 2013, 34, 2307–2321. [CrossRef]
43. Verma, S.K.; Tiwari, A.K. Progress of nanoﬂuid application in solar collectors: A review.
Energy Convers. Manag. 2015, 100, 324–346. [CrossRef]
44. Lee, B.J.; Park, K.; Walsh, T.; Xu, L. Radiative heat transfer analysis in plasmonic nanoﬂuid for direct solar
thermal absorption. J. Sol. Energy Eng. 2012, 134, 021009. [CrossRef]
45. Luo, Z.Y.; Wang, C.; Wei, W.; Xiao, G.; Ni, M.J. Performance improvement of a nanoﬂuid solar collector based
on direct absorption collection (DAC) concepts. Int. J. Heat Mass Transf. 2014, 75, 262–271. [CrossRef]
46. Duncan, A.B.; Peterson, G.P. Review of micro-scale heat transfer. Appl. Mech. Rev. 1994, 47, 397–428.
[CrossRef]
47. Cheng, X.M.; Zhu, C.; Zhang, H.; Yang, X.J. Research and application of heat transfer ﬂuids in solar thermal
power. Adv. Mater. Res. 2013, 815, 415–422. [CrossRef]
48. Das, S.K.; Choi, S.U.S.; Patel, H.P. Heat transfer in nanoﬂuids: A review. Heat Transf. Eng. 2006, 27, 3–19.
[CrossRef]
49. Wang, X.Q.; Majumdar, A.S. Heat transfer characteristics of nanoﬂuids: A review. Int. J. Therm. Sci. 2007, 46,
1–19. [CrossRef]
50. Godson, L.; Raja, B.; Mohan Lal, D.; Wongwises, S. Experimental investigation on the thermal conductivity
and viscosity of silver-deionized water nanoﬂuid. Exp. Heat Transf. 2010, 23, 317–332. [CrossRef]
51. Sani, E.; Mercatelli, L.; Barison, S.; Pagura, C.; Agresti, F.; Colla, L.; Sansoni, P. Potential of carbon
nanohorn-based suspensions for solar thermal collectors. Sol. Energy Mater. Sol. Cells 2011, 95, 2994–3000.
[CrossRef]
52. Wen, D.; Ding, Y. Effective thermal conductivity of aqueous suspensions of carbon nanotubes (carbon
nanotube nanoﬂuids). J. Thermophys. Heat Transf. 2004, 18, 481–485. [CrossRef]
53. Saidur, R.; Leong, K.; Mohammad, H. A review on applications and challenges of nanoﬂuids. Renew. Sustain.
Energy Rev. 2011, 15, 1646–1668. [CrossRef]
54. Mu, L.J.; Zhu, Q.Z.; Si, L.L. Radiative properties of nanoﬂuids and performance of a direct solar absorber
using nanoﬂuids. In Proceedings of the 2nd International Conference on ASME Micro/Nanoscale Heat &
Mass Transfer, Shanghai, China, 18–21 December 2010; Volume 1, pp. 549–553.
55. Han, D.; Meng, Z.; Wu, D.; Zhang, C.; Zhu, H. Thermal properties of carbon black aqueous nanoﬂuids for
solar absorption. Nanoscale Res. Lett. 2011, 6, 457. [CrossRef] [PubMed]
56. Mao, L.B.; Zhang, R.Y.; Ke, X.F. The photo-thermal properties of copper nanoﬂuids. J. Guangdong Univ. Technol.
2008, 25, 13–17.
57. Hwang, Y.; Lee, J.K.; Lee, C.H.; Jung, Y.M.; Cheong, S.I.; Lee, C.G.; Ku, B.C.; Jang, S.P. Stability and thermal
conductivity characteristics of nanoﬂuids. Thermochim. Acta 2007, 455, 70–74. [CrossRef]
58. Yang, X.; Liu, Z.H. A kind of nanoﬂuid consisting of surface-functionalized nanoparticles. Nanoscale Res. Lett.
2010, 5, 1324–1328. [CrossRef] [PubMed]
59. Wang, X.Q.; Mujumdar, A.S. A review on nanoﬂuids—Part II: Experiments and applications. Braz. J.
Chem. Eng. 2008, 25, 631–648. [CrossRef]
60. Wang, L.Q.; Fan, J. Nanoﬂuids research: Key issues. Nanoscale Res. Lett. 2010, 5, 1241–1252. [CrossRef]
[PubMed]
48
Nanomaterials 2017, 7, 131 24 of 31
61. Das, S.K.; Choi, S.U.S.; Yu, W.; Pradeep, T. Nanoﬂuids: Science and Technology; John Wiley & Sons: Hoboken,
NJ, USA, 2007.
62. Shou, C.H.; Luo, Z.Y.; Wang, T.; Cai, J.C.; Zhao, J.F.; Ni, M.J.; Cen, K.F. Research on the application of
nano-ﬂuids into the solar photoelectric utilization. Shanghai Electr. Power 2009, 16, 8–12.
63. Singh, A. Thermal conductivity of nanoﬂuids. Def. Sci. J. 2008, 58, 600–607. [CrossRef]
64. Lee, S.; Choi, S.U.S.; Li, S.; Eastman, J.A. Measuring thermal conductivity of ﬂuids containing oxide
nanoparticles. ASME J. Heat Transf. 1999, 121, 280–289. [CrossRef]
65. Eastman, J.A.; Choi, S.U.S.; Li, S.; Yu, W.; Thomson, L.J. Anomalously increased effective thermal
conductivities of ethylene glycol based nanoﬂuids containing copper nanoparticles. Appl. Phys. Lett.
2001, 78, 718–720. [CrossRef]
66. Yoo, D.; Hong, K.; Yang, H. Study of thermal conductivity of nanoﬂuids for the application of heat transfer
ﬂuids. Thermochim. Acta 2007, 455, 66–69. [CrossRef]
67. Yu, W.; Xie, H.; Chen, L.; Li, Y. Investigation of thermal conductivity and viscosity of ethylene glycol based
ZnO nanoﬂuid. Thermochim. Acta 2009, 491, 92–96. [CrossRef]
68. Das, S.K.; Putra, N.; Thiesen, P.; Roetzel, W. Temperature dependence of thermal conductivity enhancement
for nanoﬂuids. J. Heat Transf. 2003, 125, 567–574. [CrossRef]
69. Yu, W.; France, D.M.; Routbort, J.L.; Choi, S.U.S. Review and comparison of nanoﬂuid thermal conductivity
and heat transfer enhancements. Heat Transf. Eng. 2008, 29, 432–460. [CrossRef]
70. Drotning, W.D. Optical properties of solar-absorbing oxide particles suspended in a molten salt heat transfer
ﬂuid. Sol. Energy 1978, 20, 313–319. [CrossRef]
71. Palombo, N.; Park, K. Investigation of dynamic near-ﬁeld radiation between quantum dots and plasmonic
nanoparticles for effective tailoring of the solar spectrum. In Proceedings of the ASME 2011 International
Mechanical Engineering Congress and Exposition, Denver, CO, USA, 11–17 November 2011; pp. 1–5.
72. Perry, R.H.; Green, D.W. Perry’s Chemical Engineers’ Handbook, 7th ed.; McGraw-Hill, Inc.: New York, NY,
USA, 1997.
73. Shackelford, J.F.; Alexander, W. CRC Materials Science and Engineering Handbook, 3rd ed.; CRC Press:
Boca Raton, FL, USA, 2001.
74. Slack, G.A. Thermal conductivity of MgO, Al2O3, MgAl2O4, and FE3O4 crystals from 3 degrees to 300 ◦K.
Phys. Rev. 1962, 126, 427–441. [CrossRef]
75. Xuan, Y.; Li, Q.; Zhang, X.; Fujii, M. Stochastic thermal transport of nanoparticle suspensions. J. Appl. Phys.
2006, 100, 043507. [CrossRef]
76. Kim, S.H.; Choi, S.R.; Kim, D. Thermal conductivity of metal-oxide nanoﬂuids: Particle size dependence and
effect of laser irradiation. J. Heat Transf. Trans. ASME 2007, 129, 298–307. [CrossRef]
77. Dean, J.A. Lange’s Handbook of Chemistry, 14th ed.; McGraw-Hill, Inc.: New York, NY, USA, 1992.
78. Yu, C.H.; Saha, S.; Zhou, J.H.; Shi, L.; Cassell, A.M.; Cruden, B.A.; Ngo, Q.; Li, J. Thermal contact resistance
and thermal conductivity of a carbon nanoﬁber. J. Heat Transf. Trans. ASME 2006, 128, 234–239. [CrossRef]
79. Choi, S.U.S.; Zhang, Z.G.; Yu, W.; Lockwood, F.E.; Grulke, E.A. Anomalous thermal conductivity
enhancement in nanotube suspensions. Appl. Phys. Lett. 2001, 79, 2252–2254. [CrossRef]
80. Balandin, A.A. Thermal properties of graphene and nanostructured carbon materials. Nat. Mater. 2011, 10,
569–581. [CrossRef] [PubMed]
81. Wessel, D. ASHRAE Fundamentals Handbook; American Society of Heating, Refrigerating, and
Air-Conditioning Engineers: Atlanta, GA, USA, 2001.
82. Derjaguin, B.V.; Landau, L. Theory of the stability of strongly charged lyophobic sols and of the adhesion of
strongly charged particles in solutions of electrolytes. Acta Physicochim. URSS 1942, 14, 633–662. [CrossRef]
83. Verwey, E.J.W.; Overbeek, J.T.G.; Mineola, N.Y. Theory of the Stability of Lyophobic Colloids; Dover Publications:
Mineola, NY, USA, 1999.
84. Treguer, M.; Cointet, C.; Remita, H.; Khatouri, J.; Mostafavi, M.; Amblard, J.; Belloni, J.J. Dose rate effect
on radiolytic synthesis of gold-silver bimetallic clusters in solution. J. Phys. Chem. 1998, 102, 4310–4321.
[CrossRef]
85. Mafune, F.; Kohno, J.; Takeda, Y.; Kondow, T.J. Dissociation and aggregation of gold nanoparticles under
laser irradiation. J. Phys. Chem. 2001, 105, 9050–9056. [CrossRef]
86. Zhang, G.; Wang, D.J. Fabrication of heterogeneous binary arrays of nanoparticles via colloidal lithography.
J. Am. Chem. Soc. 2008, 130, 5616–5617. [CrossRef] [PubMed]
49
Nanomaterials 2017, 7, 131 25 of 31
87. Hummelgard, M.; Zhang, R.; Nilsson, H.E.; Olin, H. Electrical sintering of silver nanoparticle ink studied by
In-Situ TEM probing. PLoS ONE 2011, 6, e17209. [CrossRef] [PubMed]
88. Chen, W.; Cai, W.; Zhang, L.; Wang, G.; Zhang, L. Sonochemical processes and formation of gold
nanoparticles within pores of mesoporous silica. J. Colloid Interface Sci. 2001, 238, 291–295. [CrossRef]
[PubMed]
89. Eustis, S.; Hsu, H.Y.; El-Sayed, M.A. Gold nanoparticle formation from photochemical reduction of Au3+ by
continuous excitation in colloidal Solutions: A proposed molecular mechanism. J. Phys. Chem. 2005, 109,
4811–4815. [CrossRef] [PubMed]
90. Rodriguez-Sanchez, L.; Blanco, M.C.; Lopez-Quintela, M.A. Electrochemical synthesis of silver nanoparticles.
J. Phys. Chem. 2002, 104, 9683–9688. [CrossRef]
91. Starowiicz, M.; Stypula, B.; Banas, J. Electrochemical synthesis of silver nanoparticles. Electrochem. Commun.
2006, 8, 227–230. [CrossRef]
92. Alexandridis, P. Gold nanoparticle synthesis, morphology control, and stabilization by functional polymers.
Chem. Eng. Technol. 2011, 14, 15–38. [CrossRef]
93. Wang, L.; Chen, X.; Zhan, J.; Chai, Y.; Yang, C.; Xu, L.; Zhuang, W.; Jing, B. Synthesis of gold nano and
microplates in hexagonal liquid crystals. J. Phys. Chem. 2005, 109, 3189–3194. [CrossRef] [PubMed]
94. You, H.; Yang, S.; Ding, B.; Yang, H. Synthesis of colloidal metal and metal alloy nanoparticles for
electrochemical energy applications. Chem. Soc. Rev. 2013, 42, 2880–2904. [CrossRef] [PubMed]
95. Otanicar, T.P.; Phelan, P.E.; Prasher, R.S.; Rosengarten, G.; Taylor, R.A. Nanoﬂuid based direct absorption
solar collector. J. Renew. Sustain. Energy 2010, 2, 033102. [CrossRef]
96. Khullara, V.; Tyagia, H. A study on environmental impact of nanoﬂuid-based concentrating solar water
heating system. Int. J. Environ. Stud. 2012, 69, 220–232. [CrossRef]
97. Saidur, R.; Meng, T.C.; Said, Z.; Hasanuzzaman, M.; Kamyar, A. Evaluation of the effect of nanoﬂuid-based
absorbers on direct solar collector. Int. J. Heat Mass Transf. 2012, 55, 5899–5907. [CrossRef]
98. Ghadimi, A.; Saidur, R.; Metselaar, H.S.C. A review of nanoﬂuid stability properties and characterization in
stationary conditions. Int. J. Heat Mass Transf. 2011, 54, 4051–4068. [CrossRef]
99. Masuda, H.; Ebata, A.; Teramae, K.; Hishinuma, N. Alteration of thermal conductivity and viscosity of liquid
by dispersing ultra-ﬁne particles. Netsu Bussei. 1993, 7, 227–233. [CrossRef]
100. Wang, X.; Xu, X.; Choi, S.U.S. Thermal conductivity of nanoparticle ﬂuid mixture. J. Thermophys. Heat Transf.
1999, 13, 474–480. [CrossRef]
101. Duan, F.; Dingtian, K.; Alexandru, C. Viscosity affected by nanoparticle aggregation in Al2O3-water
nanoﬂuids. Nanoscale Res. Lett. 2011, 6, 248. [CrossRef] [PubMed]
102. Eastman, J.A.; Choi, U.S.; Li, S.; Thompson, L.J.; Lee, S. Enhanced thermal conductivity through the
development of nanoﬂuids. In Proceedings of the Materials Research Society Symposium; Materials Research
Society: Pittsburgh, PA, USA, 1997; Volume 457, pp. 3–11.
103. Hong, K.S.; Hong, T.K.; Yang, H.S. Thermal conductivity of Fe nanoﬂuids depending on the cluster size of
nanoparticles. Appl. Phys. Lett. 2006, 88, 031901. [CrossRef]
104. Lotﬁzadeh Dehkordi, B.; Ghadimi, A.; Metselaar, H.S.C. Box-Behnken experimental design for investigation
of stability and thermal conductivity of TiO2 nanoﬂuids. J. Nanopart. Res. 2013, 15, 1369. [CrossRef]
105. Schramm, L.L.; Stasiuk, E.N.; Marangoni, D.G. Surfactants and their applications. Annu. Rep. Prog. Chem. Sect.
2003, 99, 3–48. [CrossRef]
106. Yu, W.; Xie, H. A Review on nanoﬂuids: Preparation, stability mechanisms, and applications. J. Nanomater.
2012, 2012, 1–17. [CrossRef]
107. Chen, L.; Xie, H.; Li, Y.; Yu, W. Nanoﬂuids containing carbon nanotubes treated by mechanochemical reaction.
Thermochim. Acta 2008, 477, 21–24. [CrossRef]
108. Li, Q.; Yimin, X.; Jian, W. Measurement of the viscosity of dilute magnetic ﬂuids. Int. J. Thermophys. 2006, 27,
103–113. [CrossRef]
109. Hung, Y.H.; Wen-Chieh, C. Chitosan for suspension performance and viscosity of MWCNTs. Int. J. Chem. Eng.
2012, 3, 347–353. [CrossRef]
110. Wu, D.; Zhu, H.; Wang, L.; Liu, L. Critical issues in nanoﬂuids preparation, characterization and thermal
conductivity. Curr. Nanosci. 2009, 5, 103–112. [CrossRef]
50
Nanomaterials 2017, 7, 131 26 of 31
111. He, Y.; Jin, Y.; Chen, H.; Ding, Y.; Cang, D.; Lu, H. Heat transfer and ﬂow behaviour of aqueous suspensions
of TiO2 nanoparticles (nanoﬂuids) ﬂowing upward through a vertical pipe. Int. J. Heat Mass Transf. 2007, 50,
2272–2281. [CrossRef]
112. Ghadimi, A.; Metselaar, I.H. The inﬂuence of surfactant and ultrasonic processing on improvement of
stability, thermal conductivity and viscosity of titania nanoﬂuid. Exp. Therm. Fluid Sci. 2013, 51, 1–9.
[CrossRef]
113. Joni, I.M.; Ogi, T.; Iwaki, T.; Okuyama, K. Synthesis of a colourless suspension of TiO2 nanoparticles by
nitrogen doping and the bead-mill dispersion process. Ind. Eng. Chem. Res. 2013, 52, 547–555. [CrossRef]
114. Kulkarni, D.P.; Das, D.K.; Chukwu, G.A. Temperature dependent rheological property of copper oxide
nanoparticles suspension (nanoﬂuid). J. Nanosci. Nanotechnol. 2006, 6, 1150–1154. [CrossRef] [PubMed]
115. Baraton, M.I. Surface chemistry and functionalization of semiconducting nanosized particles.
In Nanostructures: Synthesis, Functional Properties and Applications; Tsakalakos, T., Ovid‘ko, I., Vasudevan, A.,
Eds.; Springer: Dordrecht, The Netherlands, 2003; pp. 427–440.
116. Kango, S.; Kalia, S.; Celli, A.; Njuguna, J.; Habibi, Y.; Kumar, R. Surface modiﬁcation of inorganic
nanoparticles for development of organic–inorganic nanocomposites: A review. Prog. Polym. Sci. 2013, 38,
1232–1261. [CrossRef]
117. Tang, E.; Cheng, G.; Ma, X.; Pang, X.; Zhao, Q. Surface modiﬁcation of zinc oxide nanoparticle by PMAA
and its dispersion in aqueous system. Appl. Surf. Sci. 2006, 252, 5227–5232. [CrossRef]
118. Choi, C.; Jung, M.; Choi, Y.; Lee, J.; Oh, J. Tribological properties of lubricating oil-based nanoﬂuids with
metal/carbon nanoparticles. J. Nanosci. Nanotechnol. 2011, 11, 368–371. [CrossRef] [PubMed]
119. Vander Wal, R.L.; Mozes, S.D.; Pushkarev, V. Nanocarbon nanoﬂuids: Morphology and nanostructure
comparisons. Nanotechnology 2009, 20, 105702. [CrossRef] [PubMed]
120. Halelfadl, S.; Mare, T.; Estelle, P. Efﬁciency of carbon nanotubes water based nanoﬂuids as coolants.
Exp. Therm. Fluid Sci. 2014, 53, 104–110. [CrossRef]
121. Chen, L.; Xie, H. Surfactant-free nanoﬂuids containing double-and single-walled carbon nanotubes
functionalized by a wet-mechanochemical reaction. Thermochim. Acta 2010, 497, 67–71. [CrossRef]
122. Yu, Q.; Kim, Y.J.; Ma, H. Nanoﬂuids with plasma treated diamond nanoparticles. Appl. Phys. Lett. 2008, 92,
103111. [CrossRef]
123. Wang, X-J.; Li, X.F. Inﬂuence of pH on nanoﬂuids’ viscosity and thermal conductivity. Chin. Phys. Lett. 2009,
26, 056601. [CrossRef]
124. Yang, H.G.; Li, C.Z.; Gu, H.C.; Fang, T.N. Rheological behaviour of titanium dioxide suspensions. J. Colloid
Interface Sci. 2001, 236, 96–103. [CrossRef] [PubMed]
125. Zhao, J.-F.; Luo, Z.-Y.; Ni, M.-J.; Cen, K.-F. Dependence of nanoﬂuid viscosity on particle size and pH value.
Chin. Phys. Lett. 2009, 26, 066202. [CrossRef]
126. Lee, D.; Kim, J.W.; Kim, B.G. A new parameter to control heat transport in nanoﬂuids: Surface charge state
of the particle in suspension. J. Phys. Chem. 2006, 110, 4323–4328. [CrossRef] [PubMed]
127. Xie, H.; Wang, J.; Xi, T.; Liu, Y.; Ai, F.; Wu, Q. Thermal conductivity enhancement of suspensions containing
nanosized alumina particles. J. Appl. Phys. 2002, 91, 4568–4572. [CrossRef]
128. Wen, D.; Lin, G.; Vafaei, S.; Zhang, K. Review of nanoﬂuids for heat transfer applications. Particuology 2009,
7, 141–150. [CrossRef]
129. Fadhillahanaﬁ, N.M.; Leong, K.Y.; Risby, M.S. Stability and thermal conductivity characteristics of carbon
nanotube based nanoﬂuids. Int. J. Automot. Mech. Eng. 2013, 8, 1376–1384. [CrossRef]
130. Xie, H.; Lee, H.; Youn,W.; Choi, M. Nanoﬂuids containingmulti-walled carbon nanotubes and their enhanced
thermal conductivities. J. Appl. Phys. 2003, 94, 4967–4971. [CrossRef]
131. Amrollahia, A.; Rashidia, A.M.; Emami Meibodia, M.; Kasheﬁa, K. Conduction heat transfer characteristics
and dispersion behaviour of carbon nanoﬂuids as a function of different parameters. J. Exp. Nanosci. 2009, 4,
347–363. [CrossRef]
132. Youseﬁ, T.; Shojaeizadeh, E.; Veysi, F.; Zinadini, S. An experimental investigation on the effect of pH variation
of MWCNT-H2O nanoﬂuid on the efﬁciency of a ﬂat-plate solar collector. Sol. Energy 2012, 86, 771–779.
[CrossRef]
133. Hwang, Y.; Lee, J.K.; Lee, J.K.; Jeong, Y.M.; Cheong, S.; Ahn, Y.C.; Kim, S.H. Production and dispersion
stability of nanoparticles in nanoﬂuids. Powder Technol. 2008, 186, 145–153. [CrossRef]
51
Nanomaterials 2017, 7, 131 27 of 31
134. Zhu, D.; Li, X.; Wang, N.; Wang, X.; Gao, J.; Li, H. Dispersion behaviour and thermal conductivity
characteristics of Al2O3-H2O nanoﬂuids. Curr. Appl. Phys. 2009, 9, 131–139. [CrossRef]
135. Wang, X.J.; Li, X.; Yang, S. Inﬂuence of pH and SDBS on the stability and thermal conductivity of nanoﬂuids.
Energy Fuels 2009, 23, 2684–2689. [CrossRef]
136. Li, Y.; Zhou, J.; Tung, S.; Schneider, E.; Xi, S. A review on development of nanoﬂuid preparation and
characterization. Powder Technol. 2009, 196, 89–101. [CrossRef]
137. Ilyas, S.U.; Pendyala, R.; Marneni, N. Preparation, sedimentation, and agglomeration of nanoﬂuids.
Chem. Eng. Technol. 2014, 37, 2011–2021. [CrossRef]
138. Li, X.; Zhu, D.; Wang, X. Evaluation on dispersion behaviour of the aqueous copper nano-suspensions.
J. Colloid Interface Sci. 2007, 310, 456–463. [CrossRef] [PubMed]
139. Nasser, M.S.; James, A.E. Settling and sediment bed behaviour of kaolinite in aqueous media.
Sep. Purif. Technol. 2006, 51, 10–17. [CrossRef]
140. Sen, S.; Govindarajan, V.; Pelliccione, C.J.; Wang, J.; Miller, D.J.; Timofeeva, E.V. Surface modiﬁcation
approach to TiO2 nanoﬂuids with high particle concentration, low viscosity, and electrochemical activity.
ACS Appl. Mater. Interfaces 2015, 7, 20538–20547. [CrossRef] [PubMed]
141. Gharagozloo, P.E.; Goodson, K.E. Aggregate fractal dimensions and thermal conduction in nanoﬂuids.
J. Appl. Phys. 2010, 108, 074309. [CrossRef]
142. Hidehiro, K.; Motoyuki, I. Surface modiﬁcation and characterization for dispersion stability of inorganic
nanometre-scaled particles in liquid media. Sci. Technol. Adv. Mater. 2010, 11, 044304.
143. Singh, A.K.; Raykar, V.S. Microwave synthesis of silver nanoﬂuids with polyvinyl pyrrolidone (PVP) and
their transport properties. Colloid Polym. Sci. 2008, 286, 1667–1673. [CrossRef]
144. Pastoriza-Gallego, M.J.; Casanova, C.; Paramo, R.; Barbes, B.; Legido, J.L.; Pineiro, M.M. A study on stability
and thermophysical properties (density and viscosity) of Al2O3 in water nanoﬂuid. J. Appl. Phys. 2009, 106,
064301-1–064301-8. [CrossRef]
145. Kim, H.J.; Bang, I.C.; Onoe, J. Characteristic stability of bare Au-water nanoﬂuids fabricated by pulsed laser
ablation in liquids. Opt. Lasers Eng. 2009, 47, 532–538. [CrossRef]
146. Jiang, L.; Gao, L.; Sun, J. Production of aqueous colloidal dispersions of carbon nanotubes. J. Colloid
Interface Sci. 2003, 260, 89–94. [CrossRef]
147. Fedele, L.; Colla, L.; Bobbo, S.; Barison, S.; Agresti, F. Experimental stability analysis of different water-based
nanoﬂuids. Nanoscale Res. Lett. 2011, 6, 300. [CrossRef] [PubMed]
148. Kole, M.; Dey, T.K. Effect of aggregation on the viscosity of copper oxide-gear oil nanoﬂuids. Int. J. Therm. Sci.
2011, 50, 1741–1747. [CrossRef]
149. Choi, S.U.S. Enhancing Thermal Conductivity of Fluids with Nanoparticles, Developments and Applications of
Non-Newtonian Flows; Siginer, D.A., Wang, H.P., Eds.; ASME: New York, NY, USA, 1995.
150. Prasher, R.; Song, D.; Wang, J.; Phelan, P. Measurements of nanoﬂuid viscosity and its implications for
thermal applications. Appl. Phys. Lett. 2006, 89, 133108–133110. [CrossRef]
151. Daniel, M.C.; Astruc, D. Gold nanoparticles: Assembly, supramolecular chemistry, quantum-size-related
properties, and applications toward biology, catalysis, and nanotechnology. J. Chem. Rev. 2004, 104, 293–346.
[CrossRef] [PubMed]
152. Bhattacharya, R.; Murkherjee, P. Biological properties of “naked” metal nanoparticles. Adv. Drug Deliv. Rev.
2008, 60, 1284–1306. [CrossRef] [PubMed]
153. Corti, C.W.; Holliday, R.J.; Thompson, D.T. Developing new industrial applications for gold: Gold
nanotechnology. Gold Bull. 2002, 35, 111–117. [CrossRef]
154. Filho, E.P.B.; Mendoza, O.S.H.; Beicker, C.L.L.; Menezes, A.; Wen, D. Experimental investigation of a silver
nanoparticle-based direct absorption solar thermal system. Energy Convers. Manag. 2014, 84, 261–267.
[CrossRef]
155. Chen, M.; He, Y.; Zhu, J.; Kim, D.R. Enhancement of photo-thermal conversion using gold nanoﬂuids with
different particle sizes. Energy Convers. Manag. 2016, 112, 21–30. [CrossRef]
156. Hong, T.K.; Yang, H.S.; Choi, C.J. Study of the enhanced thermal conductivity of Fe nanoﬂuids. J. Appl. Phys.
2005, 97, 064311. [CrossRef]
157. Sokhansefat, T.; Kasaeian, A.B.; Kowsary, F. Heat transfer enhancement in parabolic trough collector tube
using Al2O3/synthetic oil nanoﬂuid. Renew. Sustain. Energy Rev. 2014, 33, 636–644. [CrossRef]
52
Nanomaterials 2017, 7, 131 28 of 31
158. Lee, J.H.; Hwang, K.S.; Jang, S.P.; Lee, B.H.; Kim, J.H.; Choi, S.U.S.; Choi, C.J. Effective viscosities and thermal
conductivities of aqueous nanoﬂuids containing low volume concentrations of Al2O3 nanoparticles. Int. J.
Heat Mass Transf. 2008, 51, 2651–2656. [CrossRef]
159. Murshed, S.; Leong, K.; Yang, C. Enhanced thermal conductivity of TiO2—Water based nanoﬂuids. Int. J.
Therm. Sci. 2005, 44, 367–373. [CrossRef]
160. Bozorgan, N.; Shafahi, M. Performance evaluation of nanoﬂuids in solar energy: A review of the recent
literature. Micro Nano Syst. Lett. 2015, 3, 1–15. [CrossRef]
161. Reddy, K.S.; Kamnapure, N.R.; Srivastava, S. Nanoﬂuid and nanocomposite applications in solar energy
conversion systems for performance enhancement: A review. Int. J. Low Carbon Technol. 2017, 12, 1–23.
[CrossRef]
162. Kroto, H.W.; Heath, J.R.; O’Brien, S.C.; Curl, R.F.; Smalley, R.E. C60: Buckminister fullerene. Nature 1985, 318,
162–163. [CrossRef]
163. Yang, Z.P.; Ci, L.; Bur, J.A.; Lin, S.Y.; Ajayan, P.M. Experimental observation of an extremely dark material
made by a low density nano-tube array. Nano Lett. 2008, 8, 446–451. [CrossRef] [PubMed]
164. Singer, P. CNTs an attractive alternative for interconnects (carbon nano-tubes). Semicond. Int. 2007, 30, 26–33.
165. Poncharal, P.; Berger, C.; Yi, Y.; Wang, Z.L.; de Heer Walt, A. Room temperature ballistic conduction in carbon
nanotubes. J. Phys. Chem. 2002, 106, 12104–12118. [CrossRef]
166. Iijima, S. Helical micro-tubules of graphitic carbon. Nature 1991, 354, 56–58. [CrossRef]
167. Hordy, N.; Rabilloud, D.; Meunier, J.L.; Coulombe, S. High temperature and long-term stability of carbon
nanotube nanoﬂuids for direct absorption solar thermal collectors. Sol. Energy 2014, 105, 82–90. [CrossRef]
168. Karami, M.; Raisee, M.; Delfani, S.; Akhavan Bahabadi, M.A.; Rashidi, A.M. Sunlight absorbing potential of
carbon nanoball water and ethylene glycol-based nanoﬂuids. Opt. Spectrosc. 2013, 115, 400–405. [CrossRef]
169. Dorset, D.L.; Fryer, J.R. Quantitative electron crystallographic determinations of higher fullerenes in the
hexagonal close packed polymorph. J. Phys. Chem. 2001, 105, 2356–2359. [CrossRef]
170. Kuzuo, R.; Terauchi, M.; Tanaka, M.; Saito, Y.; Shinohara, H. Electron-energy-loss spectra of crystalline C 84.
Phys. Rev. 1994, 49, 5054–5057. [CrossRef]
171. Ge, M.; Sattler, K. Observation of fullerene cones. Chem. Phys. Lett. 1994, 220, 192–196. [CrossRef]
172. Yoshitake, T.; Shimakawa, Y.; Kuroshima, S.; Kimura, H.; Ichihashi, T.; Kubo, Y.; Kasuya, D.; Takahashi, K.;
Kokai, F.; Yudasaka, M.; et al. Preparation of ﬁne platinum catalyst supported on single-wall carbon
nanohorns for fuel cell application. Phys. Condens. Matter 2002, 323, 124–126. [CrossRef]
173. Lee, S.Y.; Yamada, M.; Miyake, M. Synthesis of carbon nano-tubes and carbon nanoﬁlaments over palladium
supported catalysts. Sci. Technol. Adv. Mater. 2005, 6, 420–426. [CrossRef]
174. Sano, N.; Akazawa, H.; Kikuchi, T.; Kanki, T. Separated synthesis of iron-included carbon nanocapsules and
nanotubes by pyrolysis of ferrocene in pure hydrogen. Carbon 2003, 41, 2159–2162. [CrossRef]
175. Ladjevardi, S.M.; Asnaghi, A.; Izadkhast, P.S.; Kashani, A.H. Applicability of graphite nanoﬂuids in direct
solar energy absorption. Sol. Energy 2013, 94, 327–334. [CrossRef]
176. Balandin, A.A.; Ghosh, S.; Bao, W.; Calizo, I.; Teweldebrhan, D.; Miao, F.; Lau, C.N. Superior thermal
conductivity of single-layer graphene. Nano Lett. 2008, 8, 902–907. [CrossRef] [PubMed]
177. Dreyer, D.R.; Park, S.; Bielawski, C.W.; Ruoff, R.S. The chemistry of graphene oxide. Chem. Soc. Rev. 2010, 39,
228–240. [CrossRef] [PubMed]
178. Yuan, D.; Chen, J.; Zeng, J.; Tan, S. Preparation of monodisperse carbon nanospheres for electrochemical
capacitors. Electrochem. Commun. 2008, 10, 1067–1070. [CrossRef]
179. Yang, R.; Qiu, X.; Zhang, H.; Li, J.; Zhu, W.; Wang, Z.; Huang, X.; Chen, L. Mono-dispersed hard carbon
spherules as a catalyst support for the electro-oxidation of methanol. Carbon 2005, 43, 11–16. [CrossRef]
180. Wang, Y.; Su, F.; Wood, C.D.; Lee, J.Y.; Zhao, X.S. Preparation and characterization of carbon nanospheres as
anode materials in lithium-ion secondary batteries. Ind. Eng. Chem. Res. 2008, 47, 2294–2300. [CrossRef]
181. Poinern, G.E.J.; Brundavanam, S.; Shah, M.; Laava, I.; Fawcett, D. Photothermal response of CVD synthesised
carbon (nano) spheres/aqueous nanoﬂuids for potential application in direct solar absorption collectors:
A preliminary investigation. Nanotechnol. Sci. Appl. 2012, 5, 49–59. [CrossRef] [PubMed]
182. Harish, S.; Ishikawa, K.; Einarsson, E.; Aikawa, S.; Chiashi, S.; Shiomi, J.; Maruyama, S. Enhanced thermal
conductivity of ethylene glycol with single-walled carbon nanotube inclusions. Int. J. Heat Mass Transf. 2012,
55, 3885–3890. [CrossRef]
53
Nanomaterials 2017, 7, 131 29 of 31
183. Harish, S.; Ishikawa, K.; Einarsson, E.; Aikawa, S.; Inoue, T.; Zhao, P.; Watanabe, M.; Chiashi, S.; Shiomi, J.;
Maruyama, S. Temperature dependent thermal conductivity increase of aqueous nanoﬂuid with single
walled carbon nanotube inclusion. Mater. Express 2012, 2, 213–223. [CrossRef]
184. Glory, J.; Bonetti, M.; Helezen, M.; Mayne-L’Hermite, M.; Reynaud, C. Thermal and electrical conductivities
of water-based nanoﬂuids prepared with long multi-walled carbon nanotubes. J. Appl. Phys. 2008, 103,
094309. [CrossRef]
185. Wusiman, K.; Jeong, H.; Tulugan, K.; Afrianto, H.; Chung, H. Thermal performance of multi-walled
carbon nanotubes (MWCNTs) in aqueous suspensions with surfactants SDBS and SDS. Int. Commun. Heat
Mass Transf. 2013, 41, 28–33. [CrossRef]
186. Lotﬁ, R.; Rashidi, A.M.; Amrollahi, A. Experimental study on the heat transfer enhancement of MWNT-water
nanoﬂuid in a shell and tube heat exchanger. Int. Commun. Heat Mass Transf. 2012, 39, 108–111. [CrossRef]
187. Natarajan, E.; Sathish, R. Role of nanoﬂuids in solar water heater. Int. J. Adv. Manuf. Technol. 2009, 1, 3–7.
[CrossRef]
188. Karami, M.; Bahabadi, M.A.A.; Delfani, S.; Ghozatloo, A. A new application of carbon nanotubes nanoﬂuid
as working ﬂuid of low-temperature direct absorption solar collector. Sol. Energy Mater. Sol. Cells 2014, 121,
114–118. [CrossRef]
189. Lee, S.H.; Jang, S.P. Extinction coefﬁcient of aqueous nanoﬂuids containing multi-walled carbon nanotubes.
Int. J. Heat Mass Transf. 2013, 67, 930–935. [CrossRef]
190. Mare, T.; Halelfadl, S.; Van Vaerenbergh, S.; Estelle, P. Unexpected sharp peak in thermal conductivity of
carbon nanotubes water-based nanoﬂuids. Int. Commun. Heat Mass Transf. 2015, 66, 80–83. [CrossRef]
191. Branson, B.T.; Beauchamp, P.S.; Beam, J.C.; Lukehart, C.M.; Davidson, J.L. Nanodiamond nanoﬂuids for
enhanced thermal conductivity. ACS Nano 2013, 7, 3183–3189. [CrossRef] [PubMed]
192. Taha-Tijerina, J.J.; Narayanan, T.N.; Tiwary, C.S.; Lozano, K.; Chipara, M.; Ajayan, P.M. Nanodiamond-based
thermal ﬂuids. ACS Appl. Mater. Interfaces 2014, 6, 4778–4785. [CrossRef] [PubMed]
193. Ghazvini, M.; Akhavan-Behabadi, M.A.; Rasouli, E.; Raisee, M. Heat transfer properties of
nanodiamond–engine oil nanoﬂuid in laminar ﬂow. Heat Transf. Eng. 2011, 33, 525–532. [CrossRef]
194. Ma, H.B.; Wilson, C.; Borgmeyer, B.; Park, K.; Yu, Q.; Choi, S.U.S.; Tirumala, M. Effect of nanoﬂuid on the
heat transport capability in an oscillating heat pipe. Appl. Phys. Lett. 2006, 88, 143116–143119. [CrossRef]
195. Yu, W.; Xie, H.; Li, Y.; Chen, L.; Wang, Q. Experimental investigation on the thermal transport properties of
ethylene glycol based nanoﬂuids containing low volume concentration diamond nanoparticles. Colloids Surf.
Physicochem. Eng. Asp. 2011, 380, 1–5. [CrossRef]
196. Assael, M.J.; Metaxa, I.N.; Kakosimos, K.; Constantinou, D. Thermal conductivity of
nanoﬂuids—Experimental and theoretical. Int. J. Thermophys. 2006, 27, 999–1017. [CrossRef]
197. Choi, M.Y.; Kim, D.S.; Hong, D.S.; Kim, J.H.; Kim, Y.T. Ultrastable aqueous graphite nanoﬂuids prepared by
single-step liquid-phase pulsed laser ablation (LP-PLA). Chem. Lett. 2011, 40, 768–769. [CrossRef]
198. Gupta, S.S.; Siva, V.M.; Krishnan, S.; Sreeprasad, T.S.; Singh, P.K.; Pradeep, T.; Das, S.K. Thermal conductivity
enhancement of nanoﬂuids containing graphene nanosheets. J. Appl. Phys. 2011, 110, 084302. [CrossRef]
199. Dhar, P.; Gupta, S.S.; Chakraborty, S.; Pattamatta, A.; Das, S.K. The role of percolation and sheet dynamics
during heat conduction in poly-dispersed graphene nanoﬂuids. Appl. Phys. Lett. 2013, 102, 163114.
200. Taylor, R.A.; Phelan, P.E.; Otanicar, T.P.; Walker, C.A.; Nguyen, M.; Trimble, S.; Prasher, R. Applicability of
nanoﬂuids in high ﬂux solar collectors. J. Renew. Sustain. Energy 2011, 3, 023104-1–023104-15. [CrossRef]
201. Eswaraiah, V.; Sankaranarayanan, V.; Ramaprabhu, S. Graphene-based engine oil nanoﬂuids for tribological
applications. ACS Appl. Mater. Interfaces 2011, 3, 4221–4227. [CrossRef] [PubMed]
202. Ghozatloo, A.; Rashidi, A.; Shariaty-Niassar, M. Convective heat transfer enhancement of graphene
nanoﬂuids in shell and tube heat exchanger. Exp. Therm. Fluid Sci. 2014, 53, 136–141. [CrossRef]
203. Kirilov, R.; Girginov, C.; Stefchev, P. Black nanoﬂuids for solar absorption on the basis of hydrogen peroxide
treated carbon particles. Adv. Nat. Sci. Theory Appl. 2013, 2, 31–40.
204. Meng, Z.; Han, D.; Wu, D.; Zhu, H.; Li, Q. Thermal Conductivities, Rheological Behaviours and Photothermal
Properties of Ethylene Glycol-based Nanoﬂuids Containing Carbon Black Nanoparticles. Proc. Eng. 2012, 36,
521–527. [CrossRef]
205. Sharma, P.; Baek, I.H.; Cho, T.; Park, S.; Lee, K.B. Enhancement of thermal conductivity of ethylene glycol
based silver nanoﬂuids. Powder Technol. 2011, 208, 7–19. [CrossRef]
54
Nanomaterials 2017, 7, 131 30 of 31
206. Liu, M.S.; Lin, M.C.C.; Huang, I.T.; Wang, C.C. Enhancement of thermal conductivity with CuO for
nanoﬂuids. Chem. Eng. Technol. 2006, 29, 72–77. [CrossRef]
207. Mintsa, H.A.; Roy, G.; Nguyen, C.T.; Doucet, D. New temperature dependent thermal conductivity data for
water-based nanoﬂuids. Int. J. Therm. Sci. 2009, 48, 363–371. [CrossRef]
208. Choi, C.; Yoo, H.S.; Oh, J.M. Preparation and heat transfer properties of nanoparticle in transformer oil
dispersions as advanced energy-efﬁcient coolants. Curr. Appl. Phys. 2008, 8, 710–712. [CrossRef]
209. Zhang, X.; Gu, H.; Fujii, M. Experimental study on the effective thermal conductivity and thermal diffusivity
of nanoﬂuid. Int. J. Thermophys. 2006, 27, 569–580. [CrossRef]
210. Jahanshahi, M.; Hosseinizadeh, S.F.; Alipanah, M.; Dehghani, A.; Vakilinejad, G.R. Numerical simulation of
free convection based on experimental measured conductivity in a square cavity using water/SiO2 nanoﬂuid.
Int. Commun. Heat Mass Transf. 2010, 37, 687–694. [CrossRef]
211. Yarmand, H.; Gharehkhani, S.; Shirazi, S.F.S.; Amiri, A.; Montazer, E.; Hamed Khajeh Arzani, H.K.; Sadri, R.;
Mahidzal Dahari, M.; Kazi, S.N. Nanoﬂuid based on activated hybrid of biomass carbon/graphene oxide:
Synthesis, thermo-physical and electrical properties. Int. Commun. Heat Mass Transf. 2016, 72, 10–15.
[CrossRef]
212. Marquis, F.; Chibante, L. Improving the heat transfer of nanoﬂuids and nanolubricants with carbon
nanotubes. JOM 2005, 57, 32–43. [CrossRef]
213. Indhuja, A.; Suganthi, K.S.; Manikandan, S.; Rajan, K.S. Viscosity and thermal conductivity of dispersions of
gum arabic capped MWCNT in water: Inﬂuence of MWCNT concentration and temperature. J. Taiwan Inst.
Chem. Eng. 2013, 44, 474–479.
214. Maxwell, J.C. A Treatise on Electricity and Magnetism, 3rd ed.; Oxford University Press: London, UK, 1892;
Volume 2.
215. Azari, A.; Kalbasi, M.; Moazzeni, A.; Rahman, A. A Thermal conductivity model for nanoﬂuids heat transfer
enhancement. Pet. Sci. Technol. 2014, 32, 91–99. [CrossRef]
216. Koo, J.; Kleinstreuer, C. A new thermal conductivity model for nanoﬂuids. J. Nanopart. Res. 2005, 6, 577–588.
[CrossRef]
217. Jang, S.P.; Choi, S.U.S. Effects of various parameters on nanoﬂuid thermal conductivity. J. Heat Transf. 2007,
129, 617–623. [CrossRef]
218. Evans, W.; Fish, J.; Keblinski, P. Role of Brownian motion hydrodynamics on nanoﬂuid thermal conductivity.
Appl. Phys. Lett. 2006, 88, 093116. [CrossRef]
219. Kumar, D.H.; Patel, H.E.; Kumar, R.V.R.; Sundararajan, T.; Pradeep, T.; Das, S.K. Model for heat conduction
in nanoﬂuids. Phys. Rev. Lett. 2004, 93, 144301. [CrossRef] [PubMed]
220. Hamilton, R.; Crosser, O.K. Thermal conductivity of heterogeneous two-component systems. Ind. Eng.
Chem. Fundam. 1962, 1, 187–191. [CrossRef]
221. Evans, W.; Prasher, R.; Fish, J.; Meakin, P.; Phelan, P.; Keblinski, P. Effect of Aggregation and Interfacial
Thermal Resistance on Thermal Conductivity of Nanocomposites and Colloidal Nanoﬂuids. Int. J. Heat
Mass Transf. 2008, 51, 1431–1438. [CrossRef]
222. Jang, S.P.; Choi, S.U.S. Role of Brownian motion in the enhanced thermal conductivity of nanoﬂuids.
Appl. Phys. Lett. 2004, 84, 4316–4318. [CrossRef]
223. Li, C.H.; Williams, W.; Buongiorno, J.; Hu, L.; Peterson, G.P. Transient and steady-state experimental
comparison study of effective thermal conductivity of Al2O3/Water Nanoﬂuids. J. Heat Transf. 2008, 130,
42407-1–42407-7. [CrossRef]
224. Wojnar, R. The Brownian motion in a Thermal Field. Acta Phys. Pol. 2001, 32, 333–349.
225. Patel, H.E.; Sundararajan, T.; Pradeep, T.; Dasgupta, A.; Dasgupta, N.; Das, S.K. A micro-convection model
for thermal conductivity of nanoﬂuids. Pramana J. Phys. 2005, 65, 863–869. [CrossRef]
226. Prasher, R.; Bhattachara, P.; Phelan, P.E. Thermal conductivity of nanoscale colloidal solutions (Nanoﬂuids).
Am. Phys. Soc. 2005, 94, 025901. [CrossRef] [PubMed]
227. Bhattacharya, P.; Saha, S.K.; Yadav, A.; Phelan, P.E.; Prasher, R.S. Brownian dynamics simulation to determine
the effective thermal conductivity of nanoﬂuids. J. Appl. Phys. 2004, 95, 6492–6494. [CrossRef]
228. Ren, Y.; Xie, H.; Cai, A. Effective thermal conductivity of nanoﬂuids containing spherical nanoparticles.
J. Phys. Appl. Phys. 2005, 38, 3958–3961. [CrossRef]
229. Keblinski, P.; Phillpot, S.R.; Choi, U.S.U.; Eastman, J.A. Mechanisms of heat ﬂow in suspensions of nano-sized
particles (nanoﬂuids). Int. J. Heat Mass Transf. 2002, 45, 855–863. [CrossRef]
55
Nanomaterials 2017, 7, 131 31 of 31
230. Xie, H.Q.; Fujii, M.; Zhang, X. Effect of interfacial layer on the effective thermal conductivity of
nanoparticle-ﬂuid mixture. Int. J. Heat Mass Transf. 2005, 48, 2926–2932. [CrossRef]
231. Yu, C.J.; Richter, A.G.; Datta, A.; Durbin, M.K.; Dutta, P. Molecular layering in a liquid on a solid substrate:
an X-ray reﬂectivity study. Physica 2000, 283, 27–31. [CrossRef]
232. Yu, W.; Choi, S. The role of interfacial layers in the enhanced thermal conductivity of nanoﬂuids: A renovated
Maxwell model. J. Nanopart. Res. 2003, 5, 167–171. [CrossRef]
233. Yu, W.; Choi, S. The role of interfacial layers in the enhanced thermal conductivity of nanoﬂuids: A renovated
Hamilton-Crosser model. J. Nanopart. Res. 2004, 6, 355–361. [CrossRef]
234. Leong, K.C.; Yang, C.; Murshed, S.M.S. A model for the thermal conductivity of nanoﬂuids—The effect of
interfacial layer. J. Nanopart. Res. 2006, 8, 245–254. [CrossRef]
235. Xuan, Y.; Li, Q.; Hu, W. Aggregation structure and thermal conductivity of nanoﬂuids. AIChE J. 2003, 49,
1038–1043. [CrossRef]
236. Wang, B.X.; Zhou, L.P.; Peng, X.F. A fractal model for predicting the effective thermal conductivity of liquid
with suspension of nanoparticles. Int. J. Heat Mass Transf. 2003, 46, 2665–2672. [CrossRef]
237. Feng, Y.; Yu, B.; Xu, P.; Zou, M. The effective thermal conductivity of nanoﬂuids based on the nanolayer and
the aggregation of nanoparticles. J. Phys. Appl. Phys. 2007, 40, 3164–3171. [CrossRef]
238. Xu, J.; Yu, B.-M.; Yun, M.-J. Effect of clusters on thermal conductivity in nanoﬂuids. Chin. Phys. Lett. 2006, 23,
2819–2822.
239. Murshed, S.M.S.; Leong, K.C.; Yang, C. Thermophysical and electrokinetic properties of nanoﬂuids: A critical
review. Appl. Therm. Eng. 2008, 28, 2109–2125. [CrossRef]
240. Mishra, P.C.; Mukherjee, S.; Nayak, S.K.; Panda, A. A brief review on viscosity of nanoﬂuids. Int. Nano Lett.
2014, 4, 109–120. [CrossRef]
241. Youseﬁ, T.; Veysi, F.; Shojaeizadeh, E.; Zinadini, S. An experimental investigation on the effect of Al2O3-H2O
nanoﬂuid on the efﬁciency of ﬂat plate solar collectors. Renew. Energy 2012, 39, 293–298. [CrossRef]
242. He, Q.; Wang, S.; Zeng, S.; Zheng, Z. Experimental investigation on photothermal properties of nanoﬂuids
for direct absorption solar thermal energy systems. Energy Convers. Manag. 2013, 73, 150–157. [CrossRef]
243. Zhang, L.; Chen, L.; Liu, J.; Fang, X.; Zhang, Z. Effect of morphology of carbon nanomaterials on
thermo-physical characteristics, optical properties and photo-thermal conversion performance of nanoﬂuids.
Renew. Energy 2016, 99, 888–897. [CrossRef]
© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
56
57
                             Elsevier Editorial System(tm) for Renewable 
& Sustainable Energy Reviews 
                                  Manuscript Draft 
 
 
Manuscript Number: RSER-D-19-01918 
 
Title: Solar Thermal Stills For Desalination: A Review Of Designs, 
Operational Parameters And Material Advances  
 
Article Type: Review Article 
 
Section/Category: Desalination 
 
Keywords: Solar thermal, desalination, solar stills, vapour generation, 
photo-thermal conversion, advanced materials 
 
Corresponding Author: Dr. Gerrard Eddy Jai Poinern, Ph.D 
 
Corresponding Author's Institution: Murdoch University 
 
First Author: Wisut Chums-ard, BSc 
 
Order of Authors: Wisut Chums-ard, BSc; Derek Fawcett, Ph.D; Chun Che 
Fung, Ph.D; Gerrard Eddy Jai Poinern, Ph.D 
 
Abstract: The rapid demand for freshwater is increasing with global 
population growth, intensifying agricultural practices and expanding 
industrial development. In addition, many global regions have low 
rainfall making them arid and desert environments incapable of supporting 
large human populations. Furthermore, there are many saline water bodies 
such as lakes and rivers around the world whose water quality is 
unsuitable for human consumption or agricultural irrigation.  
Across the years, a variety of desalination technologies have developed 
in response to the ever-increasing demand for freshwater. Many of these 
technologies are energy intensive, with most of this energy being derived 
from fossil fuels. However, using large quantities of fossil fuels for 
power generation has led to high greenhouse gas emissions, environmental 
degradation and global warming. Therefore, recent research has focused on 
developing sustainable and eco-friendly desalination technologies. Solar 
thermal desalination is a low temperature process that offers an eco-
friendly and sustainable strategy for producing fresh water.  
The present work reviews both single and multi-effect solar still types 
and the various passive and active configurations used in both still 
types are presented. In this paper, we also discussed design criteria, 
influencing factors, operational parameters and various methods that can 
be optimised for enhancing thermal performance and freshwater 
productivity.  And finally, we review recent material advances in 
nanoparticle-based volumetric systems, phase change materials and 
floating composite solar receivers that can promote higher vapour 
generation efficiencies in solar stills. 
 
Suggested Reviewers: Dipti Das Ph.D 
IMMT 
diptidas@immt.res.in 
Dr Das is a imminent Indian scientist at the prestigious CSIR Institute 
of Materials Tech in Bhubaneswar. 
 
58
Gordon Parkinson Ph.D 
Curtin University 
G.Parkinson@curtin.edu.au 
Prof. Parkinson is a very eminent Nanochemistry scientist with range of 
expertise in advanced material. 
 
Kamal Alameh Ph.D 
Edith Cowan 
K.Alameh@ecu.edu.au 
Professor Alameh is an eminent scientist in the field of applied science 
and solar related technologies and has patented several of these 
technologies to date. 
 
 
Opposed Reviewers:  
 
 
59
Faculty of Minerals and Energy 
School of Engineering and Energy 
 
	
	


	
	






 ! 	










	"#$
% &	'%
("%"'%%& 	 
%'& 
'%	%

)	""""
'%%
*%	



+

+	,-(*
%%-'').%	%'
/"&*%%'
%0	
**
$-

-
12312
"!'4"%


Cover Letter
60
 61 
 
Solar Thermal Stills for Desalination: A Review of Designs, 
Operational Parameters and Material Advances 
Wisut Chamsa-ard1, Derek Fawcett1, Chun Che Fung2, and Gerrard Poinern1, * 
1 Murdoch Applied Nanotechnology Research Group, Department of Physics, Energy 
Studies and Nanotechnology,  
2 School of Engineering and Energy, Murdoch University, Murdoch, Western 
Australia 6150, Australia. 
* Corresponding author: Dr Gérrard Eddy Jai Poinern, Murdoch Applied 
Nanotechnology Research Group, Department of Physics, Energy Studies and 
Nanotechnology, School of Engineering and Energy, Murdoch University, Murdoch, 
Western Australia 6150, Australia 
Tel: +61 8 9360-2892, Fax: +61 8 9360-6183, Email: g.poinern@murdoch.edu.au 
Abstract 
The rapid demand for freshwater is increasing with global population growth, 
intensifying agricultural practices and expanding industrial development. In addition, 
many global regions have low rainfall making them arid and desert environments 
incapable of supporting large human populations. Furthermore, there are many saline 
water bodies such as lakes and rivers around the world whose water quality is 
unsuitable for human consumption or agricultural irrigation. Across the years, a 
variety of desalination technologies have developed in response to the ever-increasing 
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demand for freshwater. Many of these technologies are energy intensive, with most of 
this energy being derived from fossil fuels. However, using large quantities of fossil 
fuels for power generation has led to high greenhouse gas emissions, environmental 
degradation and global warming. Therefore, recent research has focused on 
developing sustainable and eco-friendly desalination technologies. Solar thermal 
desalination is a low temperature process that offers an eco-friendly and sustainable 
strategy for producing fresh water. The present work reviews both single and multi-
effect solar still types and the various passive and active configurations used in both 
still types are presented. In this paper, we also discussed design criteria, influencing 
factors, operational parameters and various methods that can be optimised for 
enhancing thermal performance and freshwater productivity.  And finally, we review 
recent material advances in nanoparticle-based volumetric systems, phase change 
materials and floating composite solar receivers that can promote higher vapour 
generation efficiencies in solar stills. 
Keywords:  
Solar thermal, desalination, solar stills, vapour generation, photo-thermal conversion  
1. Introduction 
The demand for fresh, clean water to supply an ever-growing global population and 
the decline in existing high quality water sources are creating serious challenges for 
humanity today and well into future years [1]. In addition, increasing global 
temperatures, increasing green-house gas emissions and diminishing natural resources 
are also contributing to these global challenges [2]. Also, current agricultural practices 
involved in food production depend heavily on natural resources, ecosystems and 
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water resources that are currently under stress, and in many parts of the world are in 
decline [3]. While other factors directly impacting on growing water usage include 
human urbanization, increasing food production, mining and industrialization. 
Because of global concerns regarding diminishing natural resources and the need to 
limit the global rise in temperature (up to 2 °C with respect to pre-industrial levels) 
[4], international collaborative efforts have focused on developing sustainable 
technologies for reducing global warming and providing alternative sources of fresh, 
clean potable water. Finding alternative sources for potable water is of particular 
importance since current estimates indicate that around two thirds of the world 
population will lack sufficient potable water by 2025 [5]. With many of these 
populations being located in warm and arid countries or in countries where available 
water supplies cannot be used for drinking or farming due to salinity or water 
contamination. These brackish and contaminated waters, (with pathogenic agents) 
could be used for drinking, farming and industrial applications after the removal of 
salts and harmful contaminants. Importantly, worldwide concerns regarding the 
current scarcity of clean water sources available for drinking and farming has focused 
research into finding alternative water sources required to supply the needs of a 
predicted global population of 12.3 billion in 2100 [6,7]. Current estimates indicate 
the annual global demand for water is increasing by 2% and is expected to reach 6,900 
Billion m3 by 2030 [8]. Unfortunately, this demand will not be met by the Earth’s 
annual natural water cycle of 4,200 Billion m3 [9]. Thus, creating a shortage of around 
2700 Billion m3. At present, global water demand is already higher than the Earth’s 
natural sustainable water cycle. This shortfall is alleviated by the use of high-energy 
desalination plants. The most common types of desalination processes currently used 
in various parts of the world to meet the specific water demands of particular countries 
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include: 1) multi-stage flash (MSF); 2) multi-effect distillation (MED); 3) vapour 
compression (VC); 4) reverse osmosis (RO), and 5) electro-dialysis (ED) [10-13]. The 
energy needed to power these conventional desalination processes is derived from 
fossil fuels. Current estimates indicate that around 10,000 tons of oil are used annually 
to generate 1000 m3 of desalinated water each day [14]. This results in large quantities 
of harmful and toxic gases being discharged into the atmosphere. While brine 
discharges from desalination plants contaminate the marine environment and create a 
threat to aquatic life [15]. Because of the dependence on fossil fuels and the emission 
of harmful and toxic contaminants to the environment, recent research efforts have 
focused on finding alternative methods of powering desalination processes [16]. Thus, 
current research is investigating efficient, cost effective and sustainable eco-friendly 
strategies that can deliver alternative methods for producing desalinated water to meet 
current and future consumption demands. In view of these objectives, using renewable 
energy sources to produce desalinated water offers an alternative long-term and 
sustainable approach for supplying large quantities of fresh, clean water [17]. 
Importantly, many of the countries that need new sources of fresh water are also 
located in global regions that receive relatively large amounts of solar radiation. Thus, 
using renewable solar energy to drive a desalination process offers a sustainable and 
eco-friendly approach for converting saline and contaminated waters into drinkable 
water. 
Producing clean drinkable water using renewable solar energy can be a sustainable 
alternative to currently high-energy intensive filtration or distillation processes that are 
powered by fossil fuels [2,18]. Current estimates for global electrical power generation 
indicate that around 80% is produced from fossil fuels such as coal, oil and natural gas 
[19,20]. This over reliance on fossil fuels for power generation and desalination occurs 
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in spite of there being extremely large amounts of solar irradiation falling on the Earth. 
Estimates indicate the Earth receives solar energy levels of around 1.8 x 1014 kW, with 
about 60% reaching the Earth’s surface and the remaining, 40% is reflected by the 
atmosphere back into space [21,22]. In fact, the hourly rate of solar irradiation striking 
the Earth’s surface is greater than the annual global consumption of energy [23]. Thus, 
making solar energy the largest source of sustainable and renewable energy to this 
planet. It is also the largest source of renewable energy that has been collected, 
concentrated and transformed into other forms of usable energy. Therefore, harvesting 
solar energy directly for water distillation is considered one of the most economical 
and practical technologies for overcoming the global scarcity of natural clean water 
resources. Thus, the present challenge in solar distillation is to develop successful and 
cost-effective technologies that promote solar-driven water vaporization with 
enhanced conversion efficiencies [24]. Since water vaporization is a surface 
phenomenon, only water molecules present at the air-water interface can be 
evaporated into a vapour phase with the addition of energy [25]. Unfortunately, when 
water is bulk heated to produce vapour, there are also heat losses resulting from energy 
being transferred to the water volume below the air-water interface not involved in the 
evaporation process. Bulk heating in fluid regions far from the air-water interface also 
leads to boiling and the dissipation of thermal energy during bubble formation and 
bubble migration to the air-water interface. Ultimately, the aim of evaporation is to 
use solar energy directly to heat and vaporize brackish water. The resulting vapour is 
condensed onto a surface, where condensate is then collected as pure water. 
Traditional solar-driven technologies used to produce fresh water using evaporative 
techniques include solar ponds, humidification–dehumidification processes and solar 
stills [26-28]. In particular, solar stills have attracted considerable scientific and 
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industrial interest in recent years. Since they directly use solar energy to both 
evaporate brackish water and condense pure water within the solar still system.  The 
advantages of using solar stills comes from: 1) their ability to produce several litres of 
pure water per square metre per day; 2) they can be easily designed, fabricated and 
operated; 3) they don’t have large external energy demands to operate; 4) they don’t 
generate or emit harmful greenhouses gases to the atmosphere; 5) initial investment 
costs are economically viable, with working efficiencies ranging from 30 to 60% for 
operational periods as long as 20 years, and 6) compared to other desalination 
technologies, solar stills are more economically viable for supplying drinking water to 
households and small communities [29-31]. However, the prevalence of solar stills is 
not widespread due to their relatively low throughput compared to other desalination 
technologies. And as a result, recent research has focused on improving solar still 
productivity [27,32,33]. The present article is in two parts. The first part summarizes 
the operating principles of solar stills, and recent research efforts to improve their 
efficiency and throughput. While the second part summarizes recent nanotechnology-
based approaches for creating smart materials for solar thermal applications [34]. In 
particular, the use of new nanometre scale materials in two routes, namely 
nanoparticle-enhanced vapour generation (volumetric) and floating solar receivers for 
vapour generation to achieve greater solar to thermal energy conversion rates under 
the irradiance of one sun.  
2. Direct desalination using solar stills 
2.1. Solar still concept 
The removal or separation of salts and contaminants from various brackish water 
sources can only be achieved by the utilisation of large amounts of energy and the 
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expenditure of significant financial resources. As mentioned above, many of the 
traditional desalination processes for producing fresh drinkable water like thermal and 
membrane processes use very large amounts of energy derived from fossil fuels [35]. 
Alternatively, solar desalination offers a viable method of generating freshwater from 
brackish and contaminated water solutions using renewable and naturally available 
solar energy with very low operational costs and producing no harmful greenhouse 
gas emissions [36]. In a typical solar still, freshwater is produced via a phase change 
resulting from the addition of heat to brackish water contained within a basin. The 
inner surfaces of the basin are blackened by a surface coating such as paint. The basin 
is covered by an inclined glass covering, which promotes the transmission of solar 
energy. The basin is filled with brackish or saline water to a specific depth. Then solar 
energy entering the still heats the basin coating, which in turn heats the water, causing 
it to evaporate. However, because of differences in temperature and partial pressure of 
the generated water vapour, it condenses on the underside surface of the inclined glass 
covering as seen in Figure 1. The condensed water then flows downwards along the 
glass covering towards a trough fitted along the entire length of the covering [37,38]. 
The collected water is a distilled solution, free of impurities and is now suitable for 
drinking [39]. 
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Figure 1. Concept of a typical solar still 
2.2. Types of solar stills 
Research into developing various methods for direct solar desalination can be broadly 
classified into two groups. The two groups are identified as single effect and multi-
effect solar still configurations. Both groups can be further categorised into two sub-
groups depending on the source of heat used to evaporate the brackish or contaminated 
water within the still. The two sub-groups are known as passive and active. Passive 
solar stills are specifically designed to use only solar energy to generate internal heat 
within the still to drive the evaporation process. Whereas active solar stills also 
incorporate heat generated by external systems such as solar ponds, solar collectors 
and waste heat from nearby industries. The original solar still is a single-effect and 
passive system, with a single glazed cover over the water containing basin. During its 
operation large amounts of energy is wasted as heat is conducted through the glazing 
as water condenses on the underside of the glazing. The resulting heat loss limits the 
stills efficiency to approximately 30 to 40% and also limits its production rate to 
around 6l/m2/day [40]. In spite of the current limitations of this type of solar still, there 
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is still considerable research and development even today, which is aimed at 
improving and modifying the design configuration. The present section summarises 
the various designs of passive and active single-effect and multi-effect solar stills that 
have been developed in order to increase evaporation and condensation rates and 
overcome shortcoming such as low efficiencies and low productivities normally 
associated with designs based on the original solar still configuration [28,41,42]. 
Figure 2 presents a schematic representation of the various designs of passive and 
active single-effect and multi-effect solar stills, which have been developed. 
2.2.1. Single-effect solar stills 
2.2.1.1. Passive systems 
In terms of passive systems, several types of single-effect solar stills have evolved 
over the years. Basin stills have evolved from the original solar still concept and have 
been extensively studied for many years [41]. In this configuration brackish or 
contaminated water is contained in a basin which is enclosed within the airtight still 
structure. A sloped transparent cover made of glass or plastic permits the transmission 
of solar irradiation. The solar radiation not only heats the water in the basin, but also 
heats the air above the water surface making it unsaturated. As heating continues water 
evaporates and saturates the air within the still. The resulting temperature difference 
between the cover and water surface produce circulating air currents. On meeting the 
cooler cover, the saturated air is cooled and pure water droplets condense on the cover. 
And because of the gravitational force, the water droplets run down the cover and are 
collected by a channel that diverts the generated water to a storage tank. Attempts to 
increase the still productivity, has resulted in significant research efforts that have 
focused into improving the basic design structure, using new materials and optimising 
system parameters. For instance studies have examined using plastic covers instead of 
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glass to enhance solar irradiation transmission [43], while other studies have 
investigated the performance of several cover types like flat, hemispherical, partial 
spherical and bi-layer semi-spherical [44,45]. Interestingly, a comparative study 
between single and double slope flat solar stills found the single slope performed better 
in colder climates, whereas the double slope performed better in warm climates [46]. 
Studies have also examined several solar still designs with various slope angles, with 
the slope of the cover specifically selected for maximum solar irradiation capture and 
optimal water production for their respective latitude location [14,47]. While a 
numbers of studies have evaluated solar still designs with cooling water flowing over 
their covers and reported significant increases in their efficiencies [48]. For example, 
study by Arun Kumar et al. reported top cover cooling increased still efficiency from 
34 to 42% [44].  Other researchers have investigated the performance enhancement 
resulting from the incorporation of internal and external reflectors, which are designed 
to introduce more solar radiation into the still. A study by Monowe et al. using a 
portable thermal–electrical solar still fitted with an external reflector and an outside 
condenser could reach operational efficiencies of around 77% [49], while Tanaka’s 
group found the daily productivity of a basin type still fitted with internal and external 
reflectors could be increased by at least 70% [50]. Other basin type solar still designs 
have incorporated a variety insulation material, as well as finned and corrugated basin 
floors. Compared to conventional single slope still under the same climate conditions, 
the performance of finned and corrugated basins increased productivity by around 
40% and 21% respectively [51]. Also, several types of basin-based solar stills have 
been studied that incorporated a variety of heat storage materials. The advantage of 
using heat storage materials in the basin is that after sunset the materials provide heat 
to maintain the water evaporation cycle. Also, night time temperatures are lower and 
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as a result create greater temperature differences between the cover and basin. For 
instance, the incorporation of black granite gravel was found to increase productivity 
by around 17 to 20% when compared to the still without the heat storage medium [52]. 
Furthermore, researchers have found that the evaporation rate can be increased by 
using a variety of floating charcoal absorbers together with wick materials added to 
the basin water [53,54]. While the incorporation of sponge cubes in basin water were 
not only found to increase the evaporation rate, but were also found to enhance still 
productivity between 18 to 273% when compared to a similar still without sponge 
cubes operating under the same conditions [55]. 
Wick-based solar stills are another passive method for generating drinkable water 
from brackish or contaminated water sources. The difference between a wick-based 
still and the above-mentioned basin still is that the source of brackish or contaminated 
water slowly flows through a thin porous material, commonly called the wick. During 
day light hours the porous wick is always wet due to capillary action and due to the 
lower heat capacity of the water contained within the wick, less time is required for 
evaporation to take place [56]. Thus, still productivity levels can be significantly 
increased from 16 to 50% when compared to a traditional basin solar still [57]. This 
enhanced productivity results from two important parameters not present in traditional 
basin solar stills. The first is the slope of the wick, which can be orientated to reduce 
reflection and present the largest possible surface area to the incoming solar 
irradiation. And secondly, there is much less water in the porous wick, which can be 
heated more rapidly and produce greater evaporation rates. However, unlike the basin 
type still which has heat stored in the basin water, the wick-based still with much less 
source water, produces lower productivity levels under low solar irradiation levels and 
after sunset. In spite of this disadvantage, the advantages of wick-based still has 
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attracted considerable research interest over the years [58]. A variety of wick materials 
like wool, nylon, jute cloth, coir-mate, charcoal cloth, sponges and cotton cloth have 
been extensively studied [59-62]. While a diverse range of wick-based stills have also 
been developed and evaluated. A selection of wick-based solar stills that have been 
extensively investigated include: 1) wick-based basins [59,63,64]; 2) finned basin and 
wick [65]; 3) floating wick types [60,66-68]; 4) multi-wick configurations [61,69-72], 
and 5) wick-based types with reflectors [73,74]. 
 
 
Figure 2. A schematic representation of (a) passive single effect solar still, (b) active 
single effect solar still coupled to a collector in the natural circulation mode, (c) 
passive multi effect solar still, and (d) active multi effect solar still couples to a 
collector in the forced circulation mode 
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Another approach designed to improve heat and mass transfer within a still and 
subsequently increase productivity is the incorporation of a series of steps that create 
a series of cascading weirs. The stepped-weirs, with shallow water depths are designed 
to increase the surface area of water exposed to solar irradiation, thus promoting 
greater evaporation rates [37]. Several studies have investigated heat storage, energy 
efficiencies and production rates of inclined stepped-weir configurations used in 
single-basin solar stills. For instance, Tabrizi et al. have studied the performance of a 
dull black painted absorber plate consisting of a single basin containing 15 steps. Each 
step had a weir of 5mm in height and 59 cm in length. Their studies found the thermal 
efficiency of the still was directly related to increased residence times of brine water 
in the weirs and the amount of solar irradiation received [75]. In a similar study, 
Halimeh et al. reported the variations in energy efficiency were directly proportional 
to the amount of solar irradiation the still received and brine water inlet temperature. 
Their study also indicated the lower energy efficiencies resulted from the weir–type 
absorber plate used in cascade arrangement [76]. While experimental and theoretical 
studies of a stepped solar still by Sadineni et al. found water production levels were 
around 20% higher when compared to a conventional solar still [77]. Furthermore, 
several studies have also investigated a variety of solar still types with unconventional 
shapes and configuration. Traditionally, the conventional solar still has a rectangular 
floor plan and trapezoidal side elevation, but configurations like triangular, pyramid, 
spherical and tubular have also been designed and evaluated [78]. Triangular and 
pyramidal configurations have been extensively investigated by both modelling and 
experimental studies [79]. Experimental and parametric analysis of triangular and 
pyramidal solar stills have shown the daily productivity can be influenced by 
decreasing the water depth, changing the stills orientation, varying glass cover slope 
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and by climatic changes like solar irradiation, cloud cover and wind speed [80-82]. In 
particular, climatic factors can have a significant effect on the overall performance of 
the solar still [83]. For example, a study by Ravishankar et al. investigating the 
performance of a triangular pyramid still found that optimal productivity was achieved 
when water levels were minimal and wind speeds were typically around 4.5m/s [84]. 
In a similar study, Ahsan et al. found the productivity of a triangular still was inversely 
proportional to water depth and almost proportional to its exposure to solar radiation 
[80]. Studies have also shown the performance of triangular and pyramidal solar still 
configurations can also be improved by incorporating devices such as reflectors and 
fans. For example, a study by Arunkumar et al. found the incorporation of reflective 
mirrors increased water productivity from 1.52 to 2.9 L/m2 per day [85]. While a study 
carried out by Kianifar et al. found the incorporation of a fan into a pyramid type solar 
still increased the evaporation rate and increased daily water production by as much 
as 20% [86]. 
Hemispherical, spherical and tubular configurations have also been investigated, since 
they offer the opportunity of increasing the amount of solar irradiation collected by 
the respective solar still. Studies have shown the water depth has an inverse effect on 
water productivity and thermal performance of a hemispherical solar still. For 
instance, Ismail et al. found that when brine depth increased by 50%, the thermal 
efficiency of the still deceased by 8% [87]. However, in spite of its hemispherical 
configuration, some studies have shown the performance of these solar stills was 
similar to stepped solar stills (with condenser) and solar stills with double and triple 
basins fitted with pyramid shaped covers [88,89]. While a study by Panchal et al. 
found the performance of a hemispherical solar still was superior to a conventional 
single-basin with a single inclined glass cover [90]. Furthermore, a study by 
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Arunkumar et al. found flowing water over the hemispherical cover of a solar still 
could increase its efficiency from 34% up to 42% [44]. A spherical configuration was 
investigated by Dhiman et al., and consisted of a spherical glass cover surrounding a 
centrally located blackened metallic tray containing brine. The brine depth is 
maintained by continuous flow into and out of the tray. Condensation occurs on the 
inner surface of the glass cover and flows downwards towards a collecting trough 
located at the bottom of the still. Modelling studies of the spherical configuration 
revealed a 30% increase of still efficiency was possible when compared to a 
conventional single-basin still fitted with a single inclined glass cover [91]. Unlike the 
spherical configuration, tubular configurations are not only intended to maximise the 
amount of solar irradiation collected, but they are also aimed at simplifying still 
construction. Tubular configurations consist of outer transparent cover surrounding 
centrally located blackened metallic tray running along the full length of the tube. The 
brine depth in the tray is maintained by continuous flow into and out of the tray. 
Condensation occurs on the inner surface of the cover and flows downwards towards 
a collecting trough located at the bottom of the tube. Experimental studies have shown 
the transparent cover can significantly influence the performance of a tubular solar 
still. For instance, covers made of polythene sheeting are light-weight, durable and 
easily moulded to form different size tube diameters compared to vinyl chloride 
sheeting. The studies also revealed vinyl chloride covers tended to have lower 
productivity levels compared to polythene covers due the immobility of condensed 
water droplets on their inner surfaces [92,93]. Furthermore, a study by Amimul et al. 
confirmed that light-weight polythene covers improved the average cumulative 
condensation mass and in turn improved water productivity [94]. 
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Alternatively, water diffusion has also been investigated as a possible operating 
process for use in solar still applications. The simple water diffusion still, consists of 
two vertical and parallel partitions separated by a small air-filled gap. Solar irradiation 
passes through the glass cover and encounters the first partition. The first partition 
absorbs solar irradiation (hot partition) and increases in temperature. When brine feed 
water flows over the heated partition, water vapour is generated and diffuses through 
the humid air layer within the gap. On arrival, water vapour condenses on the front 
surface of the second partition (cold partition). Importantly, the thickness of the air 
gap is kept small in order to suppress convective heat transfer between the two 
partitions. Once formed on the condensing surface of the second partition, water 
droplets trickle downwards under the influence of gravity and are collected in a 
drainage trough located at the lower end of the solar still [95,96]. Generally, several 
hot and cold partition pairs are combining to improve productivity and in this 
configuration are known as vertical multiple effect diffusion still. Further performance 
enhancement can be achieved by incorporating wick systems on the hot partition. 
Importantly, latent heat resulting from condensation is recovered to cause further 
evaporation from the wick in the next partition [97]. Thus, the repeating evaporation 
and condensation processes significantly improve the performance of the solar still. In 
addition, several studies have investigated combining multiple effect diffusion stills 
with conventional basin type solar stills, flat plate reflectors and hot-pipe solar 
collectors to further improve water productivity [98-100]. From another perspective, 
combining solar stills with greenhouses creates a unique approach for developing 
horticulture in locations where only brackish or saline water is present [101]. In this 
concept two configurations have been investigated. The first configuration consists of 
the solar still being oriented and installed on the sun facing roof section [102]. While 
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in the second configuration the basin of the solar still is horizontally oriented below 
the glass roof of the greenhouse [103]. In both cases solar irradiation heats up brackish 
water that has been pumped to the rooftop still arrangement. The heated brackish water 
evaporates and then the pure water vapour condenses on the overhead glass covers and 
is collected as in the case of a convention solar still. But unlike a conventional solar 
still where the bulk of the solar radiation is used to heat water, in the greenhouse 
configuration part of the energy is transmitted via conduction, convection and 
radiation to horticultural crops and soil below the still. Importantly, most of the solar 
irradiation is absorbed in the still, which results in lower air temperatures in the 
greenhouse. This leads to better climate control, which in turn reduces the amount of 
ventilation needed for greenhouse, lowers crop water consumption and promotes 
greater crop yields [103]. Furthermore, wavelengths of solar irradiation (380 to 710 
nm) that are transmitted to the greenhouse encourage photosynthesis and in turn it 
promotes crop growth.    
2.2.1.2. Active systems 
The most important features of solar stills are their technical simplicity, low 
maintenance costs and their non-reliance on fuel fossils or electricity to operate. But 
are instead designed to fully exploit free solar irradiation to produce drinking water. 
As mentioned above several different types of passive solar stills have been developed 
to produce clean and safe drinking water. Unfortunately, the overall thermal 
performance and water productivity of passive solar stills is relatively low [104]. 
However, various proactive methods have been investigated to improve the thermal 
performance and water productivity of conventional passive solar stills [105]. In active 
solar still systems, additional components or equipment are integrated with the solar 
still to enhance system performance. The integration of equipment like fans, 
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condensers and pumps, and components such as flat plate solar collectors, pre-heated 
water from solar ponds and heat exchanges have all been investigated [78]. Typically, 
the integration of these types of ancillary equipment and components also requires 
mechanical, electric and thermal energy inputs to operate the integrated solar still 
system. Thus, unlike the abovementioned passive solar stills, active solar stills 
typically require external sources of energy like electricity to drive pumps, fans and 
instrumentation. 
Studies have shown the integration of an external flat plate collector can significantly 
increase water temperatures (heat input) to the solar still, which leads to increased 
evaporation rates and in turn produces higher water productivity levels [106]. 
Interestingly, studies have shown the optimum shape for a passive solar still is 
rectangular. But in the case of active stills, a study by Arslen’s group found the 
performance of different active solar still designs incorporating a solar collector 
revealed a circular still was more efficient than either a single tube or rectangular box 
configuration [107]. The enhanced performance was credited to the lower heat losses 
occurring from the smaller surface area of the circular still design. In addition to the 
incorporation of flat plate solar collectors, some researchers have also integrated 
reflecting mirrors to boost solar irradiation capture [39]. Studies have also shown when 
sun-tracking systems are also included in the still design significant improvements in 
thermal performance (greater than 50%) can be achieved [108].  Typically, these 
studies suggest the incorporation of flat plate collectors and reflecting mirrors can 
significantly increase the evaporation rate and productivity of an active solar still. 
Furthermore, Voropoulos et al. have investigated the performance of a solar still when 
integrated with solar collector field. Their study found the heating of basin water 
throughout the day and continuing well into the night period lead to higher temperature 
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differences. This extended heating period resulted in the still producing twice as much 
fresh water during the day than the still operating without solar collectors (passive 
mode) [109]. While other researchers have studied the performance enhancement 
produced when evacuated tube solar collectors are combined with single basin solar 
stills [110]. These configurations raise basin water temperature quickly and can 
achieve energy efficiency of around 33.8% [111]. Alternatively, other researchers 
have investigated collecting solar irradiation from a large area and then focusing the 
irradiation onto a small receiver area. This type of configuration significantly boosts 
the amount of energy available for desalination. For instance, Chaouchi et al. designed 
a parabolic concentrator with a small boiler located at its focus. The generated steam 
was condensed via a heat exchanger. The resulting pure water was collected in a trough 
located at the bottom of the unit [112]. Alternatively, Zeinab and Ashraf incorporated 
a parabolic trough collector and heat exchanger to a conventional passive rectangular 
basin still to raise basin water temperatures. Solar irradiation was focused by the 
parabolic reflector on to a centrally located-oil carrying pipe. The circulating oil 
travels from the collector to a heat exchanger located in the still basin. The oil loses 
heat to the basin water before cycling back to the collector. Their study revealed fresh 
water production was 18% higher when compared to the passive still mode [113]. 
Further studies have also shown the incorporation of a heat absorbent material or phase 
change material (PCM) in solar stills with solar collectors could also significantly 
increase hourly water production rates. Studies by Arunkumar et al. found water 
production was increased by 26% when a PCM were used [114] and Farshad et al. 
reported a 12% increase in water production during the night period when sandy heat 
reservoir was incorporated into the basin design [115].  
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Another active method of improving the performance of a passive solar still is to use 
waste heat from alternative sources. Since increasing basin water temperature is the 
major factor in improving still productivity, pre-heating basin water by recovering 
waste heat from nearby industries and power generation facilities can significantly 
enhance still performance. Installing a heat exchanger within the basin water permits 
hot waste fluids coming from alternative sources to flow through and increase the 
basin water temperature. Thus, promoting greater internal heat transfers within the 
water basin and increasing the rate of evaporation [116]. Also, several authors have 
investigated incorporating a solar pond to deliver thermal energy to basin water [117]. 
Both stepped and single basin solar stills integrated with solar ponds have been shown 
to improve productivity. Since pre-heating of feed water promotes larger heat transfers 
and increases evaporation rates [118]. Studies by El-Sebaii et al. found the daily 
productivity and efficiency of a single basin still coupled to a shallow solar pond was 
52.36% and 43.80% higher than the still without the solar pond connected respectively 
[119]. Alternatively, other researchers have investigated increasing basin water 
temperatures and evaporation rates by incorporating an air heater to the various still 
designs. Studies have shown that productivities enhancements of around 50 to 70% 
are possible. However, these higher thermal efficiencies and productivities were only 
achieved when air heaters were used in conjunction with thermal energy storage 
systems and water spraying arrangements [120-122]. In addition, other researchers 
have found productivity increases of around 30% can be achieved when a separate 
condenser is coupled with a solar still [123]. The condenser promotes greater 
condensation rates, improves thermal performance and increases still productivity 
[124,125]. 
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2.2.2. Multiple-effect solar stills 
Multiple-effect solar stills have higher thermal efficiencies and superior potable water 
productivities than single-effect solar stills. The increased productivity arises from 
continually reusing the heat of condensation to evaporate water. For example, water 
vapour arising from one basin can be condensed on the underside of a second basin, 
thus releasing heat (latent heat of condensation) to help drive further evaporation from 
the second basin. Accordingly, multiple-effect solar stills have developed with the aim 
of overcoming the shortcoming like low thermal efficiencies and low productivities 
that are normally associated with conventional single-effect solar stills [42]. 
2.2.2.1. Passive systems 
Multiple-effect passive solar stills have been extensively studied for several years and 
include types like basin, diffusion, weir and wick. Each of these solar still types have 
been designed to exploit the latent heat of condensation generated during water vapour 
cooling to further evaporate water in another stage of the still. Several researchers have 
evaluated the thermal performance and productivity when additional basins are 
incorporated into multiple-effect solar stills. The integration of multiple-basins can 
significantly improve overall solar still efficiency. Since the extra basins mean larger 
amounts of water, which equates to an overall increase in water heat capacity within 
the still. The larger water heat capacity translates to a greater utilization of the latent 
heat of condensation, which in turn increases still productivity [126]. Studies have 
compared productivity of double-basin against single basin stills and found higher 
overall productivity in the double-basin still. With the lower basin producing greater 
productivity levels compared to the upper basin and the heat loss from the lower basin 
tended to be reduced by the upper basin [126,127]. Also a study by Sebaii et al. found 
the productivity of a triple-basin solar still was inversely proportional to the amount 
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of water mass in each basin and productivity was greater than either single or double-
basin solar stills [128]. While a modelling study of an inverted absorber-type solar still 
by Sangeeta et al. found the maximum number of basins for optimum performance 
was seven [129]. Further numerical studies by Madhlopa et al. have investigated the 
influence of an integrated condenser on water productivity of multiple-basin and 
conventional solar still. Their study found the addition of the condenser could produce 
a 62% higher level of water production compared to the conventional still [130]. Other 
studies have also examined influence of the inclination angle of the glass cover and 
the effect of flowing water over the glass cover. For instance, the optimal glass cover 
inclination angle was reported to be 23° for a multiple-effect solar still located at 
Muscat, Oman (latitude angle 23.61°) [127]. While the influence of water flowing over 
a single inclined glass cover over a double-basin solar still was found to lower the 
glass surface temperature [131]. The reduced temperature promoted both condensation 
and air circulation within the still. The increased air circulation was also found to 
increase the evaporation rate of water in both basins [132]. Also, other researchers 
investigating multiple-basin stills have examined the influence of basin water levels, 
incorporation of energy storage materials and materials used to fabricate the multiple-
effect solar still [43,133]. For instance, a recent study by Rajaseenivasan et al. 
investigating the influence of varying water depths, wick materials and energy storing 
materials found lower water levels in the basins and the use of energy storing materials 
could improve productivity by 169.2% compared to a conventional solar still [134]. 
Multiple-effect diffusion solar stills (as shown in Figure 3) consist of a series of plates 
that are arranged parallel to each other with a small air gap between each plate. These 
stills are classified by their respective plate orientation, which can include horizontal, 
inclined and vertical. Multiple-effect diffusion stills, have been studied by various 
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researchers for many years [95,135,136]. The scientific interest in multiple-effect 
diffusion stills stems from their much higher water production levels compared to 
convention single slope basin type stills, since the latent heat of condensation is 
recycled several times across the parallel plate assembly. A recent study by Kaushal 
et al. involved modifying a conventional single basin solar still to include multiple 
floating wicks in the basin, a vertical multiple-effect diffusion still module and a heat 
exchanger for recovering waste heat [137]. Their study found production in the 
modified still was 21% higher than the conventional (unmodified) reference still. The 
increased productivity was attributed to feed water pre-heating from waste heat 
recovery and a higher convective heat transfer by humid basin air from high 
temperature floating wick surface to first partition plate of the multiple-effect diffusion 
stage. While a parametric study into the performance of multiple-effect diffusion still 
coupled with a basin type solar still by Tanaka et al. found this type of still 
configuration was four times greater than a conventional basin-type still and 40% more 
productive than a traditional multiple-effect solar [138]. Their study also found 
productivity was dependent on increasing ambient temperature, minimal basin water 
volumes, number of plates and smaller air gaps between plates. A number of other 
studies have also investigated the performance and productivity of multiple-effect 
multiple-wick solar stills. Studies have shown multi-wick type solar stills have the 
advantages of simple construction, low maintenance and high productivities [59,64]. 
Importantly, research has shown that it is more advantageous to use double layered 
wicks instead of single layer wicks to achieve higher efficiencies. Studies have also 
revealed higher operating temperatures could significantly improve the performance 
wick-based solar stills [66,70,72]. Furthermore, in a study by Singh et al. that 
evaluated the performance of a double-effect multiple-wick type solar still, the thermal 
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efficiency of the first effect was much higher than that of the second effect. Their study 
also revealed the thermal efficiency of the still decreased with increasing mass flow 
rate [139]. Alternately, other researchers have investigated multiple-effect weir type 
solar stills. For instance, Yeh’s group studied the performance of an inclined (10° 
above the horizontal) double-effect upward type weir solar still. In this configuration 
air vents were incorporated to promote greater evaporation and condensation rates in 
the second effect. Increasing and regulating the airflow was found to increase still 
productivity [140]. Similarly, a study by Abdullah et al. investigating the performance 
of a stepped-weir type solar still equipped with a solar air heater and glass cooling. 
When basin heating and glass cooling was applied, still productivity was found to be 
112% higher compared to the non-applied mode [121]. While a study by Dastban et 
al. found the presence of phase change materials like paraffin wax in weir-type solar 
stills could improve productivity by around 31% compared to stills without the phase 
change material [141]. 
 
Figure 3. A schematic representation of (a) Multiple-effect diffusion coupled with 
single slope basin solar still  (b) Distillation process inside the multiple-effect diffusion 
unit 
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2.2.2.2. Active systems 
As mentioned above, multiple-effect passive solar stills have been extensively studied 
over several years. And this is also the case for multiple-effect active solar stills, which 
have been integrated with a variety of evacuated tube collectors, solar collectors, solar 
collectors, solar ponds and heat exchanges for utilising waste heat from nearby 
industries and power generation facilities. Studies have shown the integration of 
evacuated tube collectors can significantly increase the productivity of multiple-effect 
solar stills [142,143]. In particular, a study by Mahkamov et al. found the integration 
of an evacuated tube collector to a multi-effect still could double productivity 
compared to the still without the integrated tube collector [144]. Alternatively, 
Alaudeen et al. integrated an inclined flat plate collector for increasing the feed water 
temperature to increase the performance of a stepped-weir solar still by 16.36% 
compared to the still without the plate collector [145]. Similarly, Kabeel et al. 
incorporated a vacuum tube solar collector to increase feed water temperature and 
were able to increase the performance of stepped-weir type solar by 57.3% compared 
to a conventional still [146]. In addition, like passive basin type solar stills, multiple-
basins can be used to effectively generate multiple-effects that involve vapour from 
one basin being condensed on the underside of another basin. Thus, the resulting 
condensation releases heat to drive further evaporation in other basins. In this vein, 
Patel et al. studied the effect of coupling a single sloped solar still (single-basin type 
and a double-basin type) with evacuated glass tubes for pre-heating feed water. Their 
study found the productivity of the double-basin still was between 9.47 and 14.70 % 
higher than single-basin still [147]. Similarly, Deshmukh et al. investigated the 
performance of single-basin and double-basin solar stills with evacuated tubes and a 
reflector arrangement. Their study found the productivity of the double-basin 
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configuration was between 50.8 and 62.1 % higher when compared to the single-basin 
configuration [148]. In addition, a study by El-samadony et al. found integrating 
external condensers and incorporating internal reflectors into the design of a stepped-
weir solar still could increase its productivity by 165% [149]. Furthermore, studies by 
Kumar et al. have found incorporating a phase change material into a multiple-effect 
weir-type still can increase its productivity from about 16% up to around 35% 
[150,151]. Importantly, like all passive still types, active multiple-effect solar stills are 
heavily dependent on several factors that can significantly influence their 
performance. For example, several studies have shown water depth is a major factor 
governing the productivity and overall thermal performance of various multiple-effect 
solar still configurations [54,152,153]. Thus, the importance of these various factors 
cannot be ignored in designing and developing highly productive and efficient solar 
stills. For this reason, the following section discusses the important factors influencing 
solar still performance and water productivity. 
3. Factors influencing solar still performance  
There are several factors that influence the performance of solar stills. These factors 
are summarised in Figure 4 and discussed individually in the following sections.  
In spite of being an ideal and viable solution for generating freshwater from saline 
water, solar stills have a number of disadvantages. The main disadvantages of solar 
stills stem from their low production rates (ranging between 2 and 5 L/m2/day), which 
make them less economically viable when compared to other desalination processes 
that have much higher production rates [154,155]. There are a number of parameters 
influencing the performance of solar stills and these can be grouped into three 
categories. The three categories include: 1) environmental; 2) design and fabrication, 
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and 3) operational factors. The following sections summarise the key parameters that 
govern the productivity of a solar still [79,154]. 
 
Figure 4. Factors influencing solar still performance 
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3.1. Environmental factors 
Environmental factors can directly influence the productivity of solar stills. The 
foremost factor is solar radiation, since the operational principle of a solar still is based 
on heating and evaporating brackish or saline water.  The water vapour is condensed 
to produce freshwater. Thus, the performance of a solar still, is directly affected by the 
levels of solar radiation it receives at that location [156]. Several studies have revealed 
that high levels of solar radiation increase solar still productivity due to larger 
differences between the temperature of the brackish water in the basin and temperature 
of the glass covering [157]. Thus, higher levels of solar radiation, particularly at 
optimal periods during the day, increase water mass temperature that in turn promotes 
greater levels of evaporation [32,158]. Thus, solar radiation has a major impact on the 
performance of a solar still [159]. However, factors like cloud cover and surface 
contamination of the glass cover can significantly reduce the amount of solar radiation 
being absorbed [160]. Studies have found increasing levels of dust accumulation 
decreases solar transmission levels by as much as 70% when glass covers are not 
cleaned regularly [161,162]. Importantly, studies have also shown the importance of 
wind velocity on cooling the temperature of the glass covering and increasing solar 
still productivity. Studies have shown larger temperature differences between the glass 
covering and water contained in the basin improve air circulation within the still. Thus, 
improving the evaporation rate, increasing the condensation rate, and consequently 
promoting greater solar still productivity [163,164]. Generally, studies have reported 
that increasing wind velocity tends to promote improvements in solar still 
productivity, while studies have shown that obstacles preventing wind circulation have 
an adverse effect on solar still productivity [157,165]. Other climatic factors, which 
cannot be fully controlled includes ambient temperature and relative humidity of 
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atmospheric air. Studies have shown increasing ambient air temperatures 
[154,166,167] and increasing amounts of humidity tend to promote increased solar 
still performance [164,168]. 
3.2. Design and fabrication factors contributing to solar still productivity 
To date, considerable research has gone into investigating the various design factors 
governing a solar stills performance so that these factors can be optimised to deliver 
optimal thermal efficiency and productivity. It is only in the design stage that these 
factors can be controlled, optimised and implemented during solar still fabrication to 
maximise freshwater production [42]. The main design parameters investigated 
include: evaporation area; water depth; angle of glass cover for optimal condensing; 
insulation material to reduce heat loss; incorporation of thermal storage materials to 
prolong the freshwater production cycle; additives to improve thermal properties, and 
the use of solar tracking methods and reflectors to improve solar radiation collection. 
Many studies have examined the influence of these factors on solar still productivity 
and adopting methods for increasing evaporation and condensation rates to improve 
overall system yields and efficiency [32,169]. Because of the importance of solar 
desalination by solar stills much of this research is still in progress. The following 
summarises the current state of research into optimising the various design factors to 
increase solar still productivity.    
3.2.1. Water surface area exposed to evaporation and water depth  
Studies have shown solar still productivity increases with increasing water surface 
area exposed to evaporation [27,167]. Thus, a wide variety of techniques have been 
developed to increase the evaporation area within a solar still. Research efforts have 
examined the feasibility of incorporating wicks, jute cloth, sponges, charcoal blocks, 
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rubbers and floating surfaces to significantly increase the evaporation area and the 
resulting productivity increases can be as large as 80% [60,65,101]. Interestingly, a 
study by Abu-Hijleh and Rababa'h found that by using sponge cubes to increase the 
evaporation area of water contained in the basin of a standard solar still, condensate 
productivity could be increased to 273% compared to an identical still without sponge 
cubes operating under the same conditions [55]. Furthermore, studies by Kabeel et al. 
investigated the influence of varying both depth and width of trays in a stepped solar 
still and its subsequent effect of productivity. Their study found optimal productivity 
was around 57.3% higher when a tray width of 120 mm and depth of 5 mm was used, 
when compared to a conventional solar still [170]. Similarly, there have also been 
many studies investigating the influence of water depth on the productivity of solar 
stills. These studies have found that water depth is an important design factor, since a 
lower water depth in a shallow basin will have a lower water heat capacity that results 
in higher water temperatures [43,171]. The higher water temperature promotes a larger 
evaporation rate for a constant energy input compared to basins with greater water 
depths [80]. Thus, the evaporation rate and consequently solar still productivity are 
both inversely proportional to the water depth during the day time period. However, 
during the night time period the opposite is true, since low water levels have much 
lower amounts of heated stored in the water mass. Conversely, solar stills with deeper 
water levels in their basins will have larger water heat capacities. Thus, during the 
night time, when sufficient heat is stored within the water, it is released and water 
production continues in spite of there being no solar energy contribution [172]. 
Furthermore, the influence of water depth in stepped solar stills has also been 
evaluated by many researchers [121]. The higher productivity levels of stepped solar 
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stills compared with conventional solar stills was the direct result of lower saline water 
depths in the basin trays [146]. 
3.2.2. Cover and insulation 
Importantly, a solar still needs a suitable cover to provide a cool surface for water 
vapour condensation to take place. Having condensed on the underside of the cover, 
the slope of the cover must be sufficient to facilitate the flow of condensed water 
droplets downwards towards a collecting trough fitted along the entire length of the 
cover. The cover must also maximise the transmission of solar energy, with minimum 
reflectance of the solar spectrum, and at the same time prove sufficient insulation to 
prevent excessive thermal radiation from the water-containing basin from escaping to 
the external environment [108,173]. Studies have shown that of the various cover 
designs like inclined flat, domes, bi-layered semi-sphere and arch cover 
configurations, inclined flat glass covers tended to be the most productive in producing 
freshwater [45,46]. Studies have also shown that single slope covered basin also tend 
to have a higher productivity levels compared to double slope covered basin stills in 
cold climates. However, the studies have also shown the opposite tend occurs in warm 
climates [39,46]. In addition, studies have also shown the angle of the slope the cover 
makes in the solar still configuration directly influences its productivity [93]. Whilst 
other studies have also shown that during the winter season larger cover slopes tend 
to produce more condensate than they do during the summer season [32,47]. Other 
studies have found that flowing cooling water at uniform velocities over the cover can 
significantly improve, and in some cases can double daily condensate production 
levels from a solar still [44,48].  
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Also in terms of improving thermal efficiency, suitable insulation is needed to prevent 
heat losses from the solar still to the environment [174]. Thus, an important design 
parameter is selecting an insulating material to reduce the passage of lost heat 
travelling through the bottom and side walls, and preserve the thermal energy stored 
within the water contained within the basin [175]. Numerous studies have investigated 
the performance of solar stills using a variety of insulating materials like saw dust, 
glass wool, Styrofoam, polyurethane, fibre glass and nitrile rubber 
[59,65,110,113,176,177]. While another study conducted by Hashim et al. found the 
productivity of insulated solar stills were greater than a non-insulated solar still of 
similar design. Insulation materials investigated were an air gap, plywood, hay, and 
glass wool and the resulting improvements in still productivity were found to be 74%, 
82%, 126%, and 130%, respectively [178]. All these studies have highlighted the 
importance of incorporating suitable insulation into the solar still design.  Thus, using 
a thick insulating material with high thermal resistance can deliver higher productivity 
levels compared to non-insulated or poorly insulated solar stills. 
3.2.3. Additives and thermal storage materials  
The main disadvantage of conventional solar stills is their low productivity compared 
to other desalination processes. In recent years several studies were undertaken to 
investigate and improve the productivity of these stills [78,96,179]. The solar still 
cover must maximise the transmittance of solar radiation, while at the same time must 
expel as much heat as possible to maintain condensation on its inner surface. However, 
thermal losses associated with the latent heat of condensation of water vapour on the 
inside of the cover and the high levels of energy used to evaporate water in the basin 
results in low still efficiencies [180]. But studies have also shown the efficiency can 
be improved by increasing the thermal capacity of the solar still system and recovering 
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the latent heat of condensation [40]. Therefore, to improve efficiency and ultimately 
productivity of conventional solar stills, several new designs have been developed. 
These new designs incorporate new thermal storage materials and additives designed 
to store solar energy during the day time hours as latent heat and then release energy 
during the night time hours to ensure continuous 24-hour operation [181-184]. 
Studies have revealed the addition of dyes to basin water can improve solar still 
productivity. The introduction of a dye not only darkens the water, but it also increases 
the amount solar energy being absorbed and results in the water heating up more 
rapidly. The incorporation of floating material like charcoal pieces and floating 
surfaces of varying thicknesses was also been found to enhanced productivity [101]. 
For example, Srivastava and Agrawal introduced a number of floating low thermal 
inertia porous absorbers made of blackened jute cloth on the surface of basin water in 
a conventional single slope solar still. The presence of the porous absorbers and the 
resulting capillarity effect, occurring within them significantly contributed to an 
increased in basin water surface area and temperature. The enhanced water 
temperatures resulted in greater evaporation rates, which in turn produced higher 
condensate yields of 68% for clear days and 35% for cloudy days [185]. Alternatively, 
other studies have examined improving the basin by using materials with enhanced 
thermal properties. Materials like cement, galvanized iron or aluminium sheeting, 
fibre reinforced plastics, black rubber, and gravels can be used to fabricate solar still 
basins [87,186,187]. These materials not only promote the absorption of solar energy, 
but their high heat storage capacity ensures enhanced evaporation rates. Furthermore, 
coating the basin liner with photo-catalysts like CuO, PbO2 and MnO2 or painting the 
basin black with a suitable coating can further enhance solar energy absorption 
[172,188]. Hence, these additive materials can enhance the absorption of solar energy 
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thereby increasing the basin temperature to promote greater evaporation rates. Also, 
combining different materials with finned or corrugated basins in conventional single 
sloping cover or stepped solar stills can significantly improve productivity [51,79]. 
For instance, the addition of fins to the basins in a stepped solar still improved 
productivity by 76%, while the addition of sponges to the basins improved 
productivity by 60.4%. And when both fins and sponges were combined the 
improvement in productivity was 96% [189]. A similar study found the addition of 
sponges and fine pebbles to basins with fins were capable of productivities around 
98% when compared to basins without additional features [190]. Similar studies have 
compared the productivity of finned and corrugated solar stills compared to a 
conventional solar still. These studies revealed the productivity of finned stills was 
40% higher, while corrugated stills were 21% higher than conventional stills [51]. 
Studies have also shown the incorporation of a thermal storage medium like black 
granite gravel in the water basin can increase productivity levels between 17 and 20% 
when compared to a similar solar still without gravel [52]. 
Several studies in recent years have investigated the incorporation of phase change 
materials with melting temperature between 50 and 80 °C into solar stills as a method 
of storing thermal energy [181,191,192]. During day time hour’s large amounts of heat 
is stored in the phase change material and then during the night time period heat is 
released to maintain saline water evaporation in the basin. Thus, extending the 
operational period of the solar still. For instance,  
Al-harahsheh et al. reported using sodium thiosulfate pentahydrate as the phase 
change material in a conventional sloping glass solar still coupled to an external solar 
heat exchanger. Their study found the productivity of the solar still increased, with 
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40% of the production being generated sunset [193]. Furthermore, because of lower 
night time temperatures there is a greater temperature difference between basin saline 
water and the glass cover that results in increased condensation levels [194]. Because 
of the increased evaporation and condensation levels, hence increased still production 
levels a number of studies have examined a variety of materials and methods of 
optimising the performance of solar stills using phase change materials [182,195,196]. 
For example, Shalaby et al. have reported using paraffin wax (with a melting point of 
56 °C) as the phase change material in a v-corrugated single-basin solar still. The 
results of their study revealed daily productivity increased by 12% compared to still 
performance without the paraffin wax [31]. While El-Sebaii et al. studied the 
performance of a single basin solar still incorporating stearic acid as the phase change 
material. The results of their study revealed that still productivity increased by 80.17% 
compared to still performance without the phase change material [197].  
3.2.4. Reflectors and solar tracking  
Reflectors are used to direct solar energy towards the solar still. Because the more 
solar energy flux is directed towards the solar still there is a significant improvement 
seen in still productivity. For instance, replacing the flat basin by a step-wise basin in 
a conventional single slope solar still and installing reflecting mirrors on all interior 
surfaces resulted in an increase in thermal performance by 30% [108]. And in a recent 
study by Omara et al. the performance of a stepped still with reflecting mirrors on all 
the vertical step sides were investigated. Their study found the productivity of the 
modified stepped solar still with and without internal reflectors was higher than that 
of a conventional still by 75% and 57%, respectively [198]. Studies have also shown 
the inclusion of external reflectors can also significantly improve solar still 
performance [199]. For example, Nassar et al. have used concave mirrors to reflect 
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and concentrate solar energy on an elliptical shaped solar still located at the focus point 
of the mirrors [200]. While Monowe et al. have incorporated an external reflector and 
an outside condenser fitted to a portable thermal–electrical single-basin solar still 
capable of productivity increases of around 77% [49]. Furthermore, Tanaka has used 
a combination of internal and external reflectors to increase the productivity of a 
conventional basin type solar still between 70 and 100% [50]. And similar studies 
using a basin type solar still with an external flat plate bottom reflector and tilted wick 
solar still with external bottom flat plate reflector could also achieve similar 
productivity gains [74,201]. While modelling studies by Tanaka and Nakatake 
revealed that year-round average increases in daily productivity of around 48% could 
be achieved for conventional basin type solar stills fitted with internal and external 
reflectors [202]. In addition, a study incorporating sun-tracking was carried out by 
Eltawil and Zhengming to investigate the performance of a hybrid desalination system 
that consisted of a conventional solar still, an integrated inclined solar water 
distillation and a wind turbine. Their studies found the daily average efficiencies for 
the main solar still and inclined system for due south operation was between 67.21 and 
69.59% and 57.77 and 62.01% respectively. When the sun tracking operation was 
conducted, daily average efficiencies were seen to improve between 66.81 and 69.01% 
for the main solar still and between 57.08 to 62.38% for the inclined system [176]. 
3.3. Operational factors 
An important operational factor that needs to be considered is orientating the solar still 
towards the sun, (and latitude position) so that it can receive and absorb the maximum 
amount of solar energy throughout the year [186]. Thus, the operational performance 
of the solar still is dependent on its fixed orientation relative to incident solar energy. 
Therefore, it is important to optimally position the solar still to receive the maximum 
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amount of incident solar energy [96]. Other important operational factors such as salt 
deposition, dust accumulation and maintenance also directly influence the efficiency 
and productivity of a solar still. During the initial design the cost of materials needs to 
be viewed from a point of still longevity. Importantly, solar stills in general don’t have 
moving parts so maintenance is straight forward, but if improper materials are selected 
then corrosion issues can become a major maintenance problem. Thus, the selection 
of corrosion free materials will significantly improve system reliability and prolong 
the solar stills operational life span. Corrosion problems can be avoided by using high 
quality materials like copper, stainless steel and fibre glass pipes and fittings during 
the manufacture of the solar still [203,204]. This is of particular importance if the solar 
still is to supply freshwater in remote and rural locations were regular maintenance 
procedures may not be performed on a regular basis. In terms of daily operation, 
corrosion can occur when saline or brackish water feed water is supplied to fill the 
basin or discharged from the basin to remove deposited scales. Typically, there are 
two methods of supplying feed water, the first is the static method and involves filling 
the basin once a day and the second is the dynamic method in which the basin is filled 
continuously or intermittently [75,187]. Thus, avoiding corrosion during the charging 
and discharging of the basin can be achieved by using fibre glass reinforced plastic 
piping [204].  
Another problem associated with charging and discharging the basin with saline or 
brackish water is the deposition of dissolved solids and impurities. As these solids and 
impurities deposit on the basin they are also exposed to higher temperatures. This 
results in the formation of undesirable hard mineral layers on the basin liner, which 
are difficult to remove and, in many cases, algae also forms on the water surface [205]. 
Thus, an important aspect of solar still maintenance is to regularly clean the basin to 
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remove any sedimentation resulting from the deposition of solids and impurities. This 
can be done by daily flushing or by using dilute non-toxic acid solutions to remove 
build-ups of mineral layers. However, when the basin is continually filled dissolved 
solids and impurities are continually flushed from the basin, thus, reducing the 
frequency of cleaning. Moreover, another operational factor that needs to be 
considered is the negative impact resulting from the disposal of high-density brine 
wastes, pre-treatment chemicals and cleaning materials into the marine and terrestrial 
environments [206]. Since, these materials can have an adverse consequence on 
marine corals, sea grasses and fisheries. While similar problems can also be produced 
in the terrestrial environment that include soil and ground water contamination 
[207,208]. Also, after long period of operation the underside of the glass cover 
becomes coated with a thin layer of particulates, which reduces the efficiency of the 
solar still [47]. Also, the accumulation of dust on the glass condensing cover reduces 
the transmission of solar energy to the basin below causing a significant reduction in 
the evaporation rate. Therefore, the glass condensing cover needs to be regularly 
cleaned to remove dust and any other contaminants that may decrease the transmission 
of solar radiation.  
4. New approaches and advanced materials 
The development and deployment of solar stills has made remarkable progress due to 
the continuous and extensive research as discussed in earlier sections. This research is 
driven by the need to develop more eco-friendly and cost-effective desalination 
technologies using abundant solar energy [26,28,105]. However, as mentioned above, 
these technologies have relatively poor efficiencies and low water production levels. 
The low performance levels are the result of heating the total volume of water. This 
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also leads to additional heat losses resulting from energy being transferred to the bulk 
of the water volume not directly involved in the evaporation process. Importantly, 
evaporation is a surface process and only the energetic water molecules close to the 
air-water interface can evaporated to form a vapour phase. Therefore, recent research 
has focused on the interaction of solar radiation at the air-water interface, with the 
objective of increasing its temperature and promoting more energy-efficient water 
evaporation. This strategy has produced two new research streams, namely, 
volumetric (aqueous-based nanometre scale suspensions), inclusion of nanometre 
scale materials in phase change materials, and floating solar receivers composed of 
nanometre scale materials or micro-porous structures or a combination of both. These 
new approaches have the potential to significantly improve the harvesting of solar 
energy for solar-driven water evaporation that is needed for sustainable and cost-
effective water desalination. The following sections discuss both volumetric, 
enhanced phase change materials and floating solar receivers. In the first case, the 
volumetric section discusses the conversion of solar irradiation, via localised plasmon 
resonances produced on aqueous suspended metallic nanoparticle surfaces to generate 
large amounts of heat. In the second case, the performance enhancement of phase 
change materials when nanometre scale materials are incorporated is discussed. While 
in the third case, floating solar receivers that are designed to localize solar irradiation 
at the air-water interface are discussed. These unique solar irradiation absorbing 
materials can significantly improve the evaporation rate under one-sun illumination. 
Both volumetric and floating solar receivers offer attractive alternative desalination 
approaches, especial if integrated or combined with current solar still configurations.  
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4.1. Volumetric absorbers for water vapour generation 
Traditional solar stills, as discussed above, suffer from low performance levels due to 
large amounts of energy being transferred into the water volume and not being fully 
utilised in the evaporation process located at the water surface. Thus, alternative and 
novel approaches of improving solar still performance have also been investigated. 
One such approach involves suspending nanometre scale particles in basin water 
(nanofluid) to enhance the waters heat transfer and evaporative properties [34].  
Nanoparticles are small clusters of tightly packed atoms that are typically less than 
100 nm in size. At this scale, these nanomaterials are highly polarizable and strongly 
interact with electromagnetic radiation. Importantly, optical excitation (plasmon) 
resonances occurring at the surface of metallic nanoparticles produces large increases 
in their near field intensities and results in localised heating around the nanoparticles 
[209]. Thus, in a solar still application, incident solar energy is absorbed by the 
nanofluid and the excitation of plasmonic resonances of the nanoparticles heats the 
surrounding water. At the individual nanoparticle scale, heat generated by the excited 
nanoparticle heats up surrounding thin layers of water (particle-liquid interface) to 
boiling and the resulting vapour nucleates a bubble [210]. As heating continues, the 
poor thermal conductivity of the forming vapour filled bubble inhibits heating of the 
surrounding bulk water and as a consequence the bubble grows in size. This growth 
continues until a critical bubble size is achieved. The critical bubble size arises when 
the weight of the bubble (nanoparticle and vapour) is less than a similar size of 
surrounding fluid. At which point the resulting buoyancy force causes the nanoparticle 
and its surrounding vapour bubble to migrate to the water-air interface [211]. On 
reaching the water-air interface, only the vapour escapes and the nanoparticle once 
again undergoes the vapour generation cycle [212]. Importantly, evaporation occurs 
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at temperatures well below the boiling point of the bulk fluid [213]. Furthermore, 
studies have also shown that evaporation could be further improved by localised 
nanoparticle light scattering in the region near the water-air interface [214,215]. 
However, if nanoparticle concentrations are large, back scattering of solar irradiation 
at the water-air interface becomes problematic, since it can significantly inhibit light 
propagation through the nanofluid. Thus, nanofluids composed of lower nanoparticle 
concentrations tend to promote the propagation of light, which in-turn enhances light-
matter interaction between all nanoparticles and not just those located at the water-air 
interface. This also highlights the importance of nanofluid depth as a critical design 
factor for solar still applications.       
Several studies have shown a variety of nanoparticle types, when suspended in 
aqueous solutions under solar irradiation generate water vapour [212,216]. Typically, 
conversion efficiencies can be as large as 80%, with the remaining incident solar 
irradiation being lost to heating the bulk fluid [212,213]. Typical nanoparticle groups 
evaluated for vapour generation include noble metals, metal oxides, core-shell and 
carbon-based. For example, when Au nanoparticles suspended in aqueous solutions 
are illuminated, they efficiently convert solar irradiation to heat by localised 
nanoparticle plasmon resonances [217,218]. Researchers have also found that higher 
solar thermal conversion efficiencies can be achieved under much high solar 
concentrations.  For example, a recent study by Amjad et al. achieved a solar thermal 
conversion efficiency of 95% using a water-based Au nanofluid (composed of 0.04 
wt. % of Au nanoparticles) to generate steam under a solar irradiation level equivalent 
to 280 suns [219]. Similarly, Jin et al. found a water-based Au nanofluid (composed 
of 12.75 ppm Au nanoparticles) achieved a solar thermal conversion efficiency of 
80.3% under a solar irradiation level equivalent to 220 suns [218]. Alternatively, other 
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researchers have investigated the use of various core-shell type nanoparticles to 
generate water vapour under solar irradiation [215]. For example, when exposed to 
solar irradiation, the pressure above an aqueous-based nanofluid containing SiO2/Au 
nano-shells was found to increase within the 5 s. Thus, confirming the generation of 
water vapour above the air-water interface [212]. Likewise, water vapour was 
generated by an aqueous-based nanofluid containing hollow nano-shells composed of 
an Ag/Au alloy when exposed to solar irradiation [220]. While a study by Kabeel et 
al. focussed on increasing solar still performance by incorporating metal oxide 
nanoparticles into basin water with the aim of improving overall thermal performance 
and productivity. The study investigated the use of two types of metal oxide 
nanoparticles, namely, cuprous oxide and aluminium oxide. Their results revealed 
when cuprous oxide nanoparticles were added to basin water still productivity 
increased by 133.6% and when aluminium oxide nanoparticles were incorporated 
productivity increased by 125% [221]. And a recent study by Wang et al. has revealed 
Ti2O3 nanoparticles, which possess strong light absorption properties also have the 
potential to be used in solar desalination and purification applications [222]. Also, 
carbon-based materials like graphite, graphene, and carbon nanotubes have also shown 
excellent broadband solar absorbance due to their sp2-hybridized carbon atomic 
structure and π-band optical transitions [223]. For instance, the inclusion of carbon 
(N115) nanoparticles in an aqueous-based nanofluid generated water vapour above the 
air-water interface when exposed to solar irradiation [212]. While at higher solar 
irradiances (10 suns), aqueous-based nanofluids containing carbon materials like 
carbon black, graphitized carbon, and graphene could produce significant amounts of 
water vapour with generation efficiencies around 69% [216].   However, it is important 
to mention that no matter what type of nanoparticle is used in the manufacture of a 
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nanofluid, nanoparticle concentration is an important factor that significantly 
influences the conversion efficiency of solar irradiation to heat. Since high 
concentrations will restrict solar illumination to the upper layer of the nanofluid. 
Additionally, larger concentrations of nanoparticles lead to greater nanofluid 
instability resulting from particle agglomeration [224].  
 
Figure 5. The addition of nanofluids to basin water 
4.2. Enhancing the thermal properties phase change materials with 
nanoparticles  
In recent years several studies have investigated possible improvement in the thermal 
properties of phase change materials by incorporating nanoparticles [225]. Currently, 
the studies are only just beginning to evaluate the improvement of thermal properties 
like thermal conductivity and heat transfer behaviour when specific types of 
nanoparticles are incorporated into phase change materials [226]. These new types of 
thermally enhanced phase change materials are ideal for use in solar still applications. 
It is for this reason that a variety of nanoparticle types and several phase change 
 104 
 
materials have been investigated as potential candidates. For instance, a study by 
Parameshwaran et al. found the incorporation of Ag nanoparticles into organic ester 
increased the phase change materials thermal conductivity from 0.278 to 0.765Wm-1 
K-1 [227]. Similarly, a study by Song et al. also found the incorporation of Ag 
nanoparticles into phase change materials could also significantly improves its overall 
thermal performance [228]. Furthermore, a variety of nanoparticles like Al2O3, SiO2, 
TiO2 and ZnO have been embedded in paraffin and found to improve thermal 
properties [229]. The incorporation of CuO NPs into the oleic acid produced 
significant improvements in thermal properties of the composite phase change 
material [230]. Similarly, the incorporation of Si3N4 nanoparticles (at 10% wt. 
loading) in paraffin increased thermal conductivity by 35% and increased thermal 
diffusivity by 47%. Thus, significantly improving the overall performance of the 
composite phase change material [231]. Also, carbon-based materials like graphite, 
graphene, and carbon nanotubes have also been evaluated for incorporation into a 
variety of phase change materials [232-234]. For example, adding graphene oxide to 
phase change materials like paraffin wax, n-eicosane/silica and palmitic acid 
significantly improved their thermal conductivity [235,236]. And in the case of 
palmitic acid, its thermal conductivity improved threefold [237]. 
4.3. Floating solar absorbers for water vapour generation 
In recent years the strong research effort to develop more eco-friendly, cost-effective 
and sustainable energy harvesting technologies to generate water vapour for 
desalination and evaporation-driven industrial processes and machines [238-240]. In 
particular, floating photo-thermal absorbers for converting incident solar irradiation 
into heat for increasing evaporation rates to produce useful levels of water vapour has 
attracted significant interest [25,241]. To be effective vapour generators, floating solar 
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absorbers must have the following three important properties: 1) effectively absorb a 
broadband of incident solar irradiation (380 to 2500 nm in wavelength) and convert a 
large amount of the sunshine into heat; 2) must have a low thermal conductivity to 
prevent conductive heat losses from the underneath surface of the absorber to the water 
surface, and 3) have sufficient pumping capacity to promote a continuous fluid flow 
from the water interface to the upper surface of the absorber for evaporation [242,243]. 
Floating solar absorbers operating at low optical concentrations composed of micro-
scale porous materials with high solar irradiation-to-heat performance can deliver 
conversion efficiencies up to 85% [24,244]. Importantly, the high vapour generation 
efficiencies are the result of three simultaneous actions: 1) solar irradiation absorption; 
2) heat confinement in the evaporative region, and 3) capillary action occurring 
between the water interface and porous structure [244,245]. Besides providing 
floatation and pumping water by capillary action, the porous structure of the absorber 
is also a thermal insulating material that impedes the flow of heat to the non-
evaporative water volume. It is for this reason materials like silicon dioxide aerogels 
forms and wood have been studied as possible absorber materials for increasing 
efficiency [242,246-248]. Several studies have investigated incorporating nanometre 
scale materials into absorber structures to enhance their performance. In particular 
light absorption performance of absorber can be improved in the visible and near-
infrared regions by incorporating nanometre structures like patterning and metallic 
nanoparticles [249,250]. For example, studies have investigated free-floating 
plasmonic films containing gold or aluminium nanoparticles and porous absorbers 
containing titanium and gold nanoparticles [251,252]. While the incorporation of these 
nanometre scale structures can to increase the solar irradiation -to-heat conversion 
efficiency and improve heat localization at the evaporative zone, many of these 
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nanometre scale structures are fabricated by top-down lithographic approaches that 
are technologically challenging and may not be cost effective. And in the case of solar 
still applications, the capillary properties of floating absorbers exposed to 
contaminated and saline water can become seriously compromised by organic fouling. 
Furthermore, long-term exposure to ultraviolet light leads to photo-thermal 
degradation of nanostructured materials leading to a shorter service life [25]. 
In light of this, research efforts have looked for alternative systems that don’t require 
high cost advanced materials, expensive and energy intensive manufacturing 
processes [253]. As a consequence, research has focused on natural materials with a 
wide optical absorption range, can localise heat and promote the uptake of water from 
the bulk water to the solar absorber [246,254]. Using natural materials to manufacture 
floating absorbers has the advantages of being readily available, lower fabrication 
costs and can be easily scaled up [255]. Recently, wood with its aligned porous 
channels that not only act as thermal insulators to reduce heat conduction and as 
conduits for water uptake has been evaluated for water vapour generation. However, 
before wood can be used as a solar absorber it undergoes a carbonization treatment 
[256,257]. Typically, the treatment produces a single carbonized layer on the wood 
surface. The carbonisation process for is relatively straightforward for wood, but for 
other natural products like mushrooms a tube-furnace and a protective gas atmosphere 
is needed [258]. Importantly, carbonised wood shows superior decay resistance 
compared with non-carbonised wood [259]. Thus, carbonised wood has longer 
sustainability than non-carbonised wood when exposure to aquatic environments 
[260]. This factor is very important when the absorber is permanently soaked in 
complex basin water environments that are warm, saline and prone to biological 
growth and fouling. Recently, a variety of wood-based composites have also attracted 
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considerable interest due to their high solar vapour generation characteristics. Typical 
wood-based composite reported include wood-graphene oxide [248], carbon nanotube 
coated wood [261] and flame-coated wood [256]. Typically, vapour generation 
efficiency of these wood-based composites is around 80% under one solar irradiation 
[256,261,262]. 
Conclusion 
The present review has provided an overview of the progress made in developing solar 
stills for producing freshwater. Solar desalination has the potential to deliver 
freshwater in a sustainable way with minimal environmental impact. Generally, solar 
stills have relatively low water production levels compared to convention desalination 
systems dependent on fossil fuels. Because of the low water production levels, recent 
research has focused on improving water productivity and thermal performance in 
order make solar desalination more competitive. For this reason, the review has 
summarised the various types of solar stills that have been developed and examined 
the different parameters that influence solar still productivity and performance. 
Metrological parameters such as of solar radiation, relative humidity, surrounding air 
temperature and wind speed cannot be controlled. But design and operational 
parameters such as large evaporation and condensation surface areas, lower water 
levels, high basin temperatures, minimising heat losses and cooling condenser covers 
can be optimised to increase water productivity and thermal efficiency. In addition, 
the review summarised recent advance materials research for improving solar 
irradiation harvesting with the aim of increasing the solar-to-heat conversion rate. In 
particular, nanoparticle-based volumetric systems, phase change materials and 
floating composite solar receivers were discussed, since the incorporation of these new 
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advanced materials and systems into solar still designs have the potential to 
significantly increase vapour generation efficiencies.  
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2.3. Chapter Summary 
Chapter 2 consisted of two extensive reviews that assessed and discussed current 
literature examining the current state of technologies in solar collectors and solar 
desalination. The first review discussed the current array of solar collector systems 
designed to convert solar energy into thermal energy. The review also summarised 
current progress towards developing nanofluids for use in DASCs. While the second 
review examined current solar desalination systems, their design, operational 
parameters and recent material advances for improving their performance. The 
importance of reviewing the literature was not only to gain an insight into current solar 
energy-based technologies, but also to discover where these technologies can be 
improved. In particular, the recent advent and limited use of nanofluids in DASCs. In 
addition, surveying the literature also revealed that very few studies have reported the 
use of GO and RGO additives to improve the photothermal response and evaporation 
rates of basin water used in conventional solar stills. Thus, based on the findings of the 
literature reviews, three case studies were designed to evaluate the performance of GO 
and RGO based nanofluids for DASCs and solar stills. In the case of nanofluids for 
DASCs, GO and RGO aqueous-based nanofluids were examined, along with a GO-
based thermal oil. The oil-based study is the first to include small quantities of GO in 
a commercially available organic thermal oil, with the aim of improving its thermal 
performance. And also for the first time, GO and RGO additives were added to basin 
water to significantly improve evaporation rates.  
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Chapter 3 – Nanofluids: Graphene oxide and reduced 
graphene oxide nanofluids for direct solar thermal absorption 
collectors 
3.1. Overview and author contributions  
With a daily flux density of about 1000 Wm-1 at ground level, solar energy offers a 
clean and viable renewable energy source, but low thermal properties and poor 
optical properties of conventional solar thermal collectors limits their performance. 
However, the development of direct absorption solar collectors (DASCs) has gone a 
long towards improving solar energy conversion rates. In recent years, research has 
focused on developing new and novel nanofluids with enhanced optical and thermal 
properties to further improve the performance of DASCs. Chapter 3 focuses on 
synthesising and characterising two new graphene oxide-based nanoscale materials, 
and the analysis of subsequent synthesised nanofluids. The present chapter is 
composed of two case studies. Case Study 1, for the first time, presents a facile 
approach for preparing graphene oxide (GO) and reduced graphene oxide (RGO) 
based aqueous nanofluids. The RGO sample was formed by chemically reducing GO 
powder by tetra ethyl ammonium hydroxide (TEAH) under the influence of 
ultrasonic irradiation. All GO and RGO samples were characterised using a variety 
of advanced characterisation techniques like UV–visible absorption spectroscopy, 
Fourier Transform Infrared Spectroscopy (FTIR), field emission scanning electron 
microscopy (FESEM), transmission electron microscopy (TEM), X-ray diffraction 
spectroscopy (XRD) and Raman spectroscopy (RS). The thermal and fluidic 
properties of GO and RGO aqueous-based nanofluids were then evaluated for use in 
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DASCs. Case Study 2 investigated improving the photothermal response and 
temperature enhancement of the highly used, commercially available organic thermal 
oil (Therminol 66®) when small quantities of GO (0.1 to 0.3% w/v) were included. 
Only GO was selected for this preliminary study to avoid using the TEAH treatment 
and remove possible reactivity issues occurring between the organic thermal oil and 
TEAH.  Importantly, the significant improvements seen in thermal properties and no 
detectable particle agglomeration or sedimentation for over three months, indicates 
these new GO-based fluids could be used in DASCs immediately. 
Contributions to the case studies presented in chapter 3 were made by several authors 
who aided W Chamsa-ard to produce the two publications. In Case Study 1, W 
Chamsa-ard was first author and significantly contributed to the content of the 
manuscript under the supervision of G Poinern. W Chamsa-ard carried out all 
experimental work, with the assistance of S Rattan. W Chamsa-ard carried out all 
characterisation studies, with P Chapman assisting with Raman spectroscopy. CC 
Fung and D Fawcett assisted W Chamsa-ard with data analysis. All text, tables and 
images for the manuscript were produced by W Chamsa-ard.  
All authors contributed to the manuscript and assisted with the preparation of the 
peer-reviewed research article. In Case Study 2, W Chamsa-ard was first author and 
significantly contributed to the content of the manuscript under the supervision of G 
Poinern. W Chamsa-ard carried out all experimental work and all characterisation 
studies. . CC Fung and D Fawcett assisted W Chamsa-ard with data analysis. All 
texts, tables and images for the manuscript were produced by W Chamsa-ard with 
the assistance of D Fawcett and G Poinern. All authors contributed to the manuscript 
and assisted with the preparation of the peer-reviewed research article. 
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3.2. Publications: Case Studies 
 
Case Study 1. 
Wisut Chamsa-ard, Derek Fawcett, Chun Che Fung, Peter Chapman, Supriya Rattan, 
Gerrard Poinern. Synthesis, characterisation and thermo-physical properties of 
highly stable graphene oxide-based aqueous nanofluids for low-temperature direct 
absorption solar collectors. Under Review-Scientific Reports, Nature. 
 
Case Study 2. 
Wisut Chamsa-ard, Derek Fawcett, Chun Che Fung, Zibin Chen, Gerrard Poinern. 
The addition of graphene oxide to enhance the photo-thermal performance of a 
premier organic heat transfer oil. Under Review-Materials Letters, Elsevier. 
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ABSTRACT 
Two types of highly stable 0.1% graphene oxide-based aqueous nanofluids were 
synthesised and investigated. The first nanofluid (GO) was prepared under the 
influence of ultrasonic irradiation without surfactant. The second nanofluid was treated 
with Tetra ethyl ammonium hydroxide (TEAH) to reduce the graphene oxide to form 
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reduced graphene oxide (RGO) during ultrasonic irradiation. The GO and RGO 
powders were characterised by various techniques such as field emission scanning 
electron microscopy, transmission electron microscopy, X-ray diffraction and Raman. 
Also UV – visible absorption spectroscopy was carried out and band gap energies were 
determined. Optical band gap energies for indirect transitions ranged from 3.4 to 4.4 
eV and for direct transitions they ranged between 2.2 and 3.7 eV. Thermal conductivity 
measurements of the GO-based aqueous nanofluid revealed an enhancement of 9.5% 
at 40 °C compared to pure water, while the RGO-based aqueous nanofluid at 40 °C 
had a value 9.23% lower than pure water. Furthermore, the photothermal response of 
the RGO-based aqueous nanofluid had a 13.5°C enhance compared to pure water, the 
GO-based aqueous nanofluid only displayed a 10.9°C enhancement after 20 min 
exposure to a solar irradiance of 1000 Wm-2. Both nanofluid types displayed good 
long-term stability, with the GO-based aqueous nanofluid having a zeta potential of 
30.3 mV and the RGO-based aqueous nanofluid having a value of 47.6 mV after six 
months. The good dispersion stability and photothermal performance makes both 
nanofluid types very promising working fluids for low-temperature direct absorption 
solar collectors. 
Introduction  
Since the beginning of the twenty first century, there has been considerable scientific 
and industrial interest in multifunctional carbon-based nanometre scale materials like 
fullerenes, carbon nanotubes and recently graphene. This interest stems from the 
unique electronic, mechanical, optical and thermal properties exhibited by these 
nanometre scale carbonic materials1, 2. Among these materials, graphene has attracted 
special interest due to its high mechanical strength, excellent thermal properties, 
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outstanding carrier mobility, and unique chemical properties3-6. These unique 
properties arise from graphenes unique one-atom-thick planar array of tightly packed 
sp2 hybridised carbon atoms arranged in a two-dimensional (2D) honeycomb lattice 
structure7. Because of its unique properties, graphene was identified as an ideal 
candidate for several applications including electronic devices, sensors and 
photovoltaic systems8-11. And as a result, several physical and chemical processes were 
developed to produce large quantities of graphene at low cost. Physical processes 
include chemical vapour deposition (CVD), carbon nanotube unzipping, epitaxial 
growth, and micro-mechanical cleavage of highly ordered pyrolytic graphite12-14. 
While chemical processes include chemical synthesis from aromatic compounds, 
chemical reduction of graphene oxide, and direct exfoliation15-17. In recent years, 
newly emerging graphene oxide (GO), an oxidised derivative of graphene, has also 
attracted significant scientific and industrial interest due to its potential use in 
developing new sensors, electronic and optoelectronic devices, and organic solar 
cells18-21.  
In spite of GO being a derivative of graphene, it still possesses similar properties like 
conductivity, mechanical strength and transparency to those of graphene22-24. GO 
consists of a two-dimensional graphene monolayer covalently bonded to a variety of 
surface oxygen-bearing functional groups, such as carbonyl, carboxyl, epoxide and 
hydroxyl. The basal plane of GO is decorated with epoxide and hydroxyl functional 
groups, while carbonyl and carboxylic functional groups are found attached to its 
edges25. The existence of these oxygen-bearing functional groups generates a two-
dimensional array of sp2 and sp3 bonded atoms in the GO structure. The presence of 
these oxygen-bearing functional groups also promotes the interaction with a wide 
variety of organic and inorganic molecules to produce a range of GO-based materials 
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with enhanced properties. The coverage of oxygen-bearing functional groups can vary 
depending on the degree of oxidation produced during manufacture. Extensive 
oxidation can reduce material properties, but the subsequent reduction of GO can 
restore property performance to values similar to graphene26. Typical methods for 
reducing graphene oxide include chemical reduction, thermal reduction and UV 
irradiation27, 28. 
Several interesting features of GO include fluorescence, large surface area, water-
solubility and good colloidal stability. Its attractive amphipathic nature also permits 
easy dispersion in solvents like ethylene glycol (EG) and ionic liquids29. In addition to 
these properties, GO has superior mechanical properties, its surface can be easily 
modified, and it displays good biocompatibility30. GO can be generally manufactured 
by Hummers method, oxidative methods and structure refining techniques31-33. 
However, properties produced in the resulting GO’s are heavily dependent on the 
manufacturing process used. Thus, different manufacturing processes can produce 
GO’s with different optical and electronic properties resulting from the various 
oxygen-bearing functional groups generated during manufacture. For example, GO’s 
electronic structure depends on the stoichiometric carbon-to-oxygen atomic ratio 
resulting from the various oxygen-bearing functional groups present. Therefore, it is 
possible to transform insulating properties (wide band gap) to those of a semiconductor 
(finite band gap) or a graphene-like semi-metal by varying the fraction of sp2 and sp3 
domains present in the GO structure34. Thus, prospective applications of graphene 
oxide are dependent on the material properties produced by the respective 
manufacturing process. 
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An interesting feature of graphene oxide is its atomically planar surface can act as a 
reaction site for the functionalization of oxygen-bearing groups and other active 
chemical species35. Moreover, GO’s optical properties and high thermal capacity have 
attracted the attention of researchers investigating methods of harvesting and 
converting abundant solar energy into electrical and thermal energy36-38. Among the 
various methods for exploiting solar energy, the most common method of harvesting 
and utilisation is via solar thermal collectors. Solar thermal collectors are designed to 
collect solar radiation, absorbed the radiation and converted into thermal energy, 
which is then transferred to a working fluid. Typically, solar thermal collectors consist 
of plates or tubes coated with a spectrally selective material that improves the 
absorption of solar irradiation39. Located within the plates or tubes is a circulating 
working fluid or heat transfer fluid that absorbs and transfers the thermal energy. The 
most attractive feature of solar thermal collectors is their energy output is totally 
renewable and does not produce greenhouse gas emissions. However, solar thermal 
collectors suffer from a number of shortcomings that include inefficient solar capture, 
low heat transfer rates to the working fluid and collector heat losses40. Thus, direct 
absorption solar collectors were developed to overcome these shortcomings by directly 
transferring solar energy into a circulating working fluid. The working fluid can flow 
in either an open-loop or closed-loop configuration. In the closed-loop configuration 
(higher energy applications), the working fluid flows through a heat exchanger circuit 
that separates it from a potable water circuit. Conventional working fluids used in heat 
exchanger circuits have included water, ethylene glycol, water/ethylene glycol 
mixtures and a range of oils. Unfortunately, these fluids display low adsorptive 
properties over the solar spectrum (0.25 < λ < 2.5 µm) and makes them inefficient 
working fluids in direct absorption solar collectors41.  
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Globally, current research is aimed at developing new working fluids with enhanced 
optical and thermal properties since this will significantly improve the performance of 
direct solar absorption collectors. Several studies have shown the addition of low 
concentrations of micrometre scale particles (solid phase) to a conventional working 
fluid can significantly enhance its optical and thermal properties42. However, these 
two-phase fluids have a number of operational problems that include: 1) particle 
sedimentation resulting in reduced heat transfer rates; 2) high erosion rates caused by 
circulating particles; 3) particles tend to accumulate and block narrow flow channels; 
4) increased flow resistance and larger pressure drops, and 5) improved thermo-
physical properties of working fluid are achieved at larger particle concentrations, 
which in turn increases the above mentioned problems43. Because of these operational 
problems, two-phase working fluids containing micrometre scale particles have not 
gained acceptance. However, with the advent of multifunctional carbon-based 
nanometre scale materials, there has been a renewed interest in developing two-phase 
working fluids specifically designed for direct absorption solar collector applications. 
Importantly, when nanometre scale materials are dispersed in base fluids, they form 
colloidal suspensions known as nanofluids. Thus, avoiding many of the problems 
normally associated with two-phase fluids incorporating micrometre scale particles.  
Thus, in recent years several studies have regularly investigated the potential use of 
carbon-based nanometre scale materials like fullerenes, carbon nanotubes and 
graphene for inclusion in nanofluid formulations. In particular, GO has attracted 
significant interest due to the presence of hydrophilic groups on its surface and its 
excellent dispersion in water and alcohols, combined with attractive optical and 
thermal properties that make it a promising enhancement agent in water-based 
nanofluids44-47. 
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The present study, for the first time, has developed a facile approach for preparing 
well-dispersed GO and reduced graphene oxide (RGO) based aqueous nanofluids at 
room temperature. Tetra ethylene ammonium hydroxide (TEAH) was used as both 
reducing and stabilising agent. Commercially available GO powder and TEAH were 
the principal ingredients used in the straightforward ultrasound assisted procedure for 
producing aqueous- based nanofluids suitable for direct solar absorption collectors. 
The GO powders and GO-based aqueous nanofluids were characterised by several 
advanced characterisation techniques. Techniques like Fourier Transform Infrared 
Spectroscopy (FT-IR), thermo-gravimetric analysis (TGA), X-ray diffraction (XRD), 
Raman spectroscopy and transmission electron microscopy (TEM) were used to 
analyse and compare the structure and composition of respective GO materials before 
and after treatment with TEAH. Ultraviolet visible (UV–visible) spectroscopy was 
used to monitor the degree of graphene oxide reduction. In addition, the UV–visible 
absorption spectra was used to generate Tauc plots with linear extrapolation to 
determine optical band gap energies of the GO and RGO powders. Furthermore, 
thermal conductivity, electrical conductivity and photo-thermal response of the 
respective nanofluids were also investigated. 
Methods 
Materials 
Graphene oxide (GO) powder (product number: GNOS0010) was purchased from 
ACS Material, LLC (Pasadena, California, United States of America) and Tetra ethyl 
ammonium hydroxide [TEAH, C8H21NO, (35% in water)] was purchased from Tokyo 
Chemical Industry Co., Ltd. (Kita-Ku, Tokyo, Japan). All chemicals and solvents were 
analytical grade and used without further purification. All aqueous-based solutions 
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used in the present study were produced from Milli-Q® water (10 MΩ cm-1) generated 
from a Milli-Q® Reagent water system supplied by the Millipore Corporation. 
Synthesis of GO-based aqueous nanofluids 
Two types of GO-based nanofluids were produced. The first type was a GO-based 
aqueous nanofluid. While the second type was also a GO water-based nanofluid, but 
this time utilising TEAH to first reduce the GO to form RGO and then promote greater 
nanofluid stability. 
Synthesis of 0.1% GO-based aqueous nanofluid (without TEAH) 
The procedure begins by first adding 0.1g of GO powder into a mortar and then adding 
a 2ml solution of Milli-Q® water. The mixture is then ground for five minutes to 
produce a smooth paste. The paste was then added to a 100 ml solution of Milli-Q® 
water. The solution was then sonicated for 10 minutes using an ultrasonic processor 
(Hielscher UP400S) set at a power level of 400 W. After ultrasonic treatment, the 
resulting greyish tinted brown solution (as seen in Figure 4 (a) insert) was stored at 
room temperature ready for further studies.   
Synthesis of 0.1% RGO-based aqueous nanofluid (with TEAH) 
Initially, in a 100 ml Schott bottle, TEAH (20% by volume) was added and mixed with 
Milli-Q® water to make a 100 ml stock solution. Then 0.1g of GO powder was placed 
into a mortar and then 2ml of stock solution was added. The mixture is then ground 
for five minutes to produce a smooth paste. The paste was added to a 100 ml beaker 
containing a solution of 10 ml of stock solution and 90 ml of Milli-Q® water. The 
combined solution was then sonicated for 10 minutes using the ultrasonic processor 
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set at a power level of 400 W. After ultrasonic treatment, the resulting black solution 
(as seen in Figure 4 (a) insert) was stored at room temperature ready for further studies.   
Characterisation of powder samples and fluids  
Electron microscopy studies 
Two electron microscopy studies were undertaken. The first study was a bright field 
transmission electron microscopy (TEM) investigation of the size, shape and 
topography of the various GO and RGO powder samples. The study was carried out 
using a Tecnai G2, FEI, (Electron Optics, USA) microscope operating at 100 kV. The 
second study used a high-resolution field emission scanning electron microscope 
(FESEM: FEI-Verios 460) operating at 5 kV, with 0.10 nA current and operating under 
secondary electron mode. The FESEM was also used to examine the physical structure 
and topography of the GO and RGO powder samples. Prior to analysis, dried powder 
samples were deposited on carbon tape covered SEM holders and then sputter coated 
(E5000, Polaron Equipment Ltd.) with a 2 nm layer of platinum to prevent charge build 
up. 
Fourier transform infrared spectroscopy (FT-IR)  
FT-IR studies were undertaken to identify functional groups and their respective 
vibration modes present in the samples using a PerkinElmer FT-IR / NIR Spectrometer 
Frontier with Universal signal bounce Diamond ATR attachment. FT-IR spectra were 
recorded in the scanning range from 400 to 4000 cm-1 with a resolution step of 1 cm-1. 
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Thermo-gravimetric analysis (TGA) 
TGA was carried out to evaluate the thermal stability of the GO and RGO powder 
samples using a Perkin Elmer simultaneous thermal analyser STA 8000. Thermal 
stability was carried out in air at a flow rate of 20 ml min-1, over a temperature range 
of 30 to 1000 °C with an incremental heating rate of 25 °C min-1.  
X-Ray Diffraction (XRD) Spectroscopy 
The crystalline structure of the GO and RGO powder samples were characterised using 
X-ray diffraction spectroscopy. X-ray powder diffraction patterns were recorded using 
a GBC® eMMA X-Ray Powder Diffractometer (Cu Kα = 1.54056 Å radiation source) 
operating at 35 kV and 28 mA. Diffraction patterns were collected over a 2θ range 
starting at 5° and finishing at 75° with an incremental step size of 0.02° and an 
acquisition speed of 2° min-1. Sample preparation consisted of taking two to three 
drops from each glass vial containing a particular liquid samples. The drops were 
deposited and spread over individual glass microscope slides, which were then dried 
under vacuum for a period of 24 hours at a temperature of 40 °C. The observed Bragg 
peak positions in the patterns were compared with those reported in the ICDD 
(International Centre for Diffraction Data) databases and the appropriate Miller indices 
were assigned to the respective peaks. 
Raman spectroscopy 
Raman spectroscopy measurements were carried out by a LabRAM 1B Raman 
spectrometer using a 632.82 nm Helium Neon laser light source with a spectral 
resolution of 1 cm−1. This technique was used to determine molecular vibrations and 
chemical compositions of the various samples.  
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UV-visible spectroscopy 
UV-visible spectroscopy was used to assess the chromophores present in the GO and 
RGO samples and determine the optical band gap energies of the respective samples. 
Samples were scanned using an Agilent/HP 8453 UV-Visible Spectrophotometer over 
a spectral range between 190 and 1100 nm, with a range resolution of 1 nm. 
Photo-thermal response of GO and RGO based aqueous nanofluids 
The photo-thermal response of the various fluids and nanofluids was carried out in a 
specifically designed solar simulator. The solar simulator light source was produced 
by a Philips 13096 ELH (120V, 300W-G5D) light tube. The simulator was adjusted 
and calibrated using a LI-200 R Pyranometer to produce a solar irradiance of 985 Wm-
2. A covered Petri dish, containing 25g-of the sample to be tested was placed over 
insulation material at a distance of 25 cm from the illumination source. The 
temperature of the samples were monitored using a Digitech QM-1600 meter with the 
thermocouple inserted into the fluid, while thermal images were recorded using a hand 
held thermal camera (Fluke Ti 25). Three sets of temperature measurements were 
carried out and recorded in real time, with the mean value being used. Measurements 
were carried out at room temperature, which was typically around 25°C. 
Thermal conductivity of nanofluids 
Thermal conductivity measurements were carried out using a KD2 Pro Thermal 
Properties Analyser (Decagon Devices, Inc.). The instrument is based on the transient 
hot wire method and uses a single-needle sensor probe for heating and monitoring 
temperature. The thermal conductivity range of the instrument is between 0.02 and 2 
Wm-1K-1. The probe (1.3 mm in diameter and 60 mm long) was vertically immersed 
in the centre of the sample. For each sample, measurements were taken at every 15 
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min, and the thermal conductivity was determined from the mean of ten readings at 
the same temperature. The sample container was immersed in a temperature controlled 
water circulating bath [GD 120 Grant Instruments (Cambridge) Ltd.] to ensure the 
constant temperature measurements. Initially, the probe was calibrated against pure 
water within the temperature range of 20 to 40°C and produced a maximum relative 
standard deviation of 3.5%. 
Nanofluid stability measurements 
In order to quantitatively determine long-term stability of the nanofluids their zeta 
potentials (ζ) were measured using a Zetasizer Nano-ZS (Malvern Instruments, 
England). The samples were measured at 25°C and measurement accuracy was within 
2%. 
Nanofluid viscosity measurements 
The kinematic viscosity of the respective nanofluids was measured using a Ubbelohde 
Viscometer (SCHOTT-GERATE GmbH, Germany). The capillary based method was 
used to measure viscosity in a temperature range between 25 and 60°C with 
incremental temperature reading taken every 5°C. Temperature regulation of the 
viscometer was maintained using a temperature-controlled glass water bath [GD 120 
Grant Instrument (Cambridge) Ltd.]. The mean of five measurements at each 
temperature was used to ensure reliable and accuracy of each measurement. 
Results and discussions 
In order to investigate the influence of tetra ethyl ammonium hydroxide (TEAH) 
during the transformation of graphene oxide (GO) to reduced graphene oxide (RGO) 
 157 
 
several electron microscopy and characterisation studies were undertaken. The 
following sections present the results of these investigations. 
Electron microscopy and nanofluid stability 
Figure 1 presents representative electron microscopy images of dried nanofluid 
samples containing GO and RGO. Figure 1 (a) presents a representative FESEM image 
of GO prior to processing. The image shows an agglomeration of large micrometre 
scale sheets displaying surface wrinkling and folding. Figure 1 (c) presents a typical 
micrometre scale flake of GO, which displays some surface wrinkling. Figure 1 (d) 
presents a representative TEM sample showing well dispersed and transparent sheets 
of GO. Stability measurements for these samples gave an absolute zeta potential of 
43.4 mV (Figure 1 (b). Typically, suspensions with absolute zeta potential values 
greater than 30 mV are physically stable, while suspensions below 20 mV have limited 
stability, and suspensions below 5 mV experience rapid aggregation. Thus, the GO-
based aqueous nanofluid is physically stable and it was only after six months its zeta 
potential dropped down to 30.3 mV. In the case of the RGO-based aqueous nanofluid, 
the surface features of the flakes were different as seen in FESEM image presented in 
Figure 1 (e) and TEM image shown in Figure 1 (f). The change in texture and surface 
features supports the results of the following characterisation studies that indicate 
oxygen-bearing functional groups and water molecules were expelled during chemical 
reduction by TEAH. Interestingly, the RGO-based aqueous nanofluid had a much 
larger initial absolute zeta potential value of 48.4 mV (Figure 1 (b)) and even after six 
months its value was still high with a value of 47.6 mV. This equated to a reduction of 
around 1.7% and clearly indicates the RGO-based aqueous nanofluid has very good 
long-term stability.  
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FT-IR spectroscopy  
An FT-IR spectroscopy investigation was carried out on samples and Figure 2 (a) 
shows representative spectra of a GO and RGO based nanofluids. Figure 2 (a, i) 
presents a representative spectrum of a GO-based aqueous nanofluid and shows a 
number of vibrational transitions. The spectrum displays a broad band at 3169 cm-1 
that was identified as the O–H stretching vibrations of adsorbed water molecules and 
the presence of structural OH groups48. In the middle of the spectra are two other 
bands, the weak 1711 cm-1 and much stronger 1619 cm-1. The weak 1711 cm-1 band 
was assigned to C=O stretching vibrations of carbonyl groups, while the much stronger 
band located at 1619 cm-1 was assigned to C=O stretching vibrations of carboxylic 
and/or carbonyl functional groups. However, some studies have suggested the 1619 
cm-1 band could be the result of water bending modes49 and others believe it to be the 
aromatic C=C bond50. The band identified at 1396 cm-1 could be the result of C-OH 
bending vibrations or O-H deformation, while the band at 1048 cm-1 was assigned to 
C–O stretching vibrations. The use of TEAH to produce RGO-based aqueous 
nanofluids produced noticeable differences in the spectra as seen in Figure 2 (a, ii). 
The band located at 3241 cm-1 was identified as O-H stretching vibrations of adsorbed 
water molecules and also indicated the presence of structural OH groups.  
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Figure 1. (a) FESEM image of GO prior to processing, (b) absolute zeta potential 
values for fresh nanofluid samples and those after six months storage, (c) FESEM and 
(d) TEM images of GO -based aqueous nanofluids and (e) FESEM and (f) TEM are 
images of RGO-based nanofluids  
Moving to the right, the next band encountered is located at 2988 cm-1 and was 
assigned as C-H stretching vibration. Next are the bands located at 1611 cm-1 and 1439 
cm-1, which were assigned as C=C stretching vibration and C-H bending vibrations 
respectively. Also present in the spectra, which was not seen in the GO samples were 
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the bands located at 1395, 1368 and 1332 cm-1 and were assigned as -NO2 (aliphatic). 
The next band located at 1173 cm-1 was assigned as C-N stretching vibration and 
neighbouring 1002 cm-1 band was assigned to C-O stretching vibrations. The 
remaining bands located at 837, 783 and 667 cm-1 were assigned as C-H bending. 
 
Figure 2. (a) FTIR spectra of (i) GO and (ii) RGO samples and (b) TGA of 
thermographs of (i) GO and (ii) RGO samples 
Thermo-gravimetric analyses (TGAs) of GO and RGO powders. 
The thermal stability and decomposition of GO and RGO powder samples was 
determined using TGA. A representative thermograph for a GO sample is presented in 
Figure 2 (b-i) and shows a three-step weight loss pattern that indicates a complicated 
decomposition process occurring over the 30 °C to 800 °C temperature range. The 
initial decomposition takes place between 30 and 200 °C. During this stage, there was 
a weight loss of around 6% and resulted from the evaporation of absorbed water 
molecules. Then starting at around 200 °C and ending at 295 °C there was a rapid 
weight loss. This weight loss was estimated to be around 29% and resulted from the 
pyrolysis of labile oxygen-bearing functional groups and oxygen-containing groups 
like CO, CO2 and H2O. From 295 °C up to around 640 °C there was an additional 
weight loss of around 8%, indicating the further removal of smaller amounts of 
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functional groups. Then around 640 °C there is a rapid weight loss of approximately 
56%, and by 745 °C there was virtually no weight remaining. A representative 
thermograph for a RGO sample is presented in Figure 2 (b-ii) and shows a two-step 
weight loss pattern that is quite different from the GO sample. The first step starts at 
30 °C and continues to about 130 °C and is accompanied by a weight loss of around 
19%. This weight loss was credited to the evaporation of absorbed water molecules. 
The second step occurred around 200 °C and resulted in a weight loss of approximately 
71%. This dramatic step was due to the pyrolysis of the labile oxygen-containing 
groups like CO, CO2 and H2O, and the decomposition of absorbed TEA+ species 
present on the RGO sample. FTIR spectra presented in Figure 2 (a-ii) for RGO 
revealed the presence of oxygen-containing functional groups. These functional 
groups provide a large number of potential reactive sites that increase the ion exchange 
capacity between TEA+ ions in solution during treatment and H+ ions present in the 
functional groups still present on the surface of the RGO. Similar studies by Chang et 
al. using GO to remove Tetramethylammonium hydroxide (TMAH) from water found 
the oxygen-containing groups present on the surface of GO had a strong affinity for 
absorbing TMAH. Their study also revealed the ion exchange between TMA+ ions in 
solution and H+ ions of the oxygen-containing functional groups present on the surface 
of GO, as well as electrostatic attraction, were the factors contributing to the adsorption 
mechanism51. 
X-Ray diffraction spectroscopy  
XRD was used to investigate the crystalline structure present in the respective samples. 
Representative GO and RGO powder samples are presented in Figure 3. A typical GO 
XRD pattern is presented in Figure 3 (a) and displays the characteristic diffraction 
peak located at 2θ = 11.66°, which was attributed to the (001) crystalline plane of GO. 
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The corresponding inter-layer spacing (d spacing) of powder samples were calculated 
using equation 1 below: 
𝑑𝑠𝑝𝑎𝑐𝑒 =
𝜆
 2 sin 𝜃
 (1) 
where dspace is the inter-layer spacing, λ is the X-ray source wavelength, and θ is half 
of the corresponding peak diffraction angle. The calculated inter-layer spacing for the 
(001) peak identified in the GO sample was found to be 0.758 nm. The diffraction 
pattern for the RGO sample revealed the (001) peak had disappeared and another, more 
intense diffraction peak appeared at a 2θ value of 24.50°. The intense peak was 
identified as the (002) peak for graphite, and the subsequent inter-layer spacing was 
calculated to be 0.363 nm, which is similar to the inter-layer spacing for pure graphite 
(0.334 nm). The larger inter-layer spacing of 0.758 nm for the GO sample results from 
the inclusion of oxygen-bearing functional groups and water molecules between the 
graphene layers produced during oxidation. The variation in the amount of oxidation 
taking place also explains the difference in 2θ (10 to 12.5°) reported in the literature52, 
53. Importantly, the presence of the (002) peak and the inter-layer spacing of 0.363 nm 
in the RGO sample confirms TEAH does reduce GO. Thus, giving it a more graphitic-
like character. The perpendicular dimension or average crystallite size (D(hkl)) that 
contains the graphitic ordering is expressed by the Debye-Scherer equation: 
𝐷(ℎ𝑘𝑙) =
𝑘𝜆
β cos 𝜃(ℎ𝑘𝑙)
 (2) 
where, λ is the wavelength of the monochromatic X-ray beam and crystallite shape 
constant k, which is 0.89 for spherical crystals with cubic unit cells. And β is the Full 
Width at Half Maximum (FWHM) of the peak at the maximum intensity, θ(hkl) is the 
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peak diffraction angle that satisfies Bragg’s law for the (h k l) plane and D(hkl) is the 
crystallite size. An estimate of the mean GO crystallite size for the (001) peak was 
calculated to be 12.53 nm. While the mean crystallite size for the RGO sample using 
the (002) peak was estimated to be 1.16 nm. The average number of graphene layers 
(n) per domain was calculated using results produced from equations (1) and (2) using 
the expression (3) below: 
𝑛 = (
𝐷(ℎ𝑘𝑙)
𝑑𝑠𝑝𝑎𝑐𝑒
+ 1) (3) 
The results of equation 3 reveal a significant decrease in the number of graphene layers 
(n) present in the crystallite after chemical reduction with TEAH. The GO sample 
produced an n value of 18, while the RGO sample had a much lower n value of 4. The 
reduction in the n value can be attributed to the elimination of oxygen-bearing 
functional groups and water molecules between the graphene layers during chemical 
reduction by TEAH. Also, the in-plane crystallite size (Lp) was expressed in terms of 
the in-plane periodicity peak in the respective XRD patterns using equation (4) below:  
𝐿𝑝 =
1.84𝜆
𝛽 cos 𝜃
 (4) 
where θ is the diffraction angle of in-plane periodicity peak. From XRD pattern, the 
GO sample’s in-plane periodicity peak was located at 2θ = 38.42° and the in-plane 
crystallite size was calculated to be 38.22 nm. The RGO sample had an in-plane 
periodicity peak locate at 2θ = 37.22° that was used to calculated an in-plane crystallite 
size of 21.69 nm. The results of the XRD analysis are tabulated in Table 1 and reveal 
a decreasing trend in inter-layer spacing (dspace), crystallite sizes (D(hkl)) and in-plane 
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crystallite sizes (Lp) for the RGO sample. This decreasing trend results from the 
removal of oxygen-bearing functional groups and water molecules that occur during 
the TEAH reduction of GO. 
Technique XRD Raman 
Parameters 
Sample 
2θ 
(deg.) 
dspace 
(nm) 
D 
(nm) 
Layers 
(n) 
Lp 
(nm) 
D band 
(cm-1) 
G Band 
(cm-1) 
ID/IG 
GO  11.66 0.758 12.53 18 38.22 1319 1586 1.02 
RGO  24.50 0.363 1.16 4 21.69 1328 1583 1.17 
Table 1. Experimental parameters derived from XRD and Raman spectroscopy 
analysis 
Raman spectroscopy 
Raman spectroscopy is a widely used technique to investigate and structurally 
characterise graphene-based materials. Figure 3 (b) presents representative Raman 
spectra of GO and RGO samples. The spectra for a GO sample is characterised by two 
main prominent peaks, a G band (1586 cm-1) and disorder-induced D band (1319 cm-
1). The G band is always between 1500 and 1630 cm-1 for all poly-aromatic 
hydrocarbons and results from the in-plane vibration of sp2 carbon atoms (E2g 
symmetry mode) 54. While the D band (the symmetric A1g mode) results from the 
disordered structures produced by extensive oxidation present in GO samples55. The 
RGO sample spectra also exhibits both G (1583 cm-1) and D (1328 cm-1) bands. 
Inspection of Figure 3 (b) and Table 1 reveals the ratio intensities (ID/IG) changes from 
1.02 in the GO sample to 1.17 in the RGO sample. Since the intensity ratio (ID/IG) is 
inversely proportional to the average size of the sp2 domains, the higher (ID/IG) ratio 
for the RGO sample indicates a smaller number of sp2 domains and a larger number 
of new graphitic domains being created55. This result confirms the results of 
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Stankovich et al., that GO was indeed reduced by the presence of TEAH during 
synthesis and supports the XRD results, which indicated oxygen-bearing functional 
groups and water molecules were expelled during the chemical reduction of the GO 
structure. 
 
Figure 3. (a) XRD patterns and (b) Raman spectra of GO and RGO samples  
UV – visible absorption spectra and estimated optical band gap energies 
The UV–Visible absorption spectrum recorded for GO and RGO based aqueous 
nanofluids is shown in Figure 4 (a). The absorption peaks are typical of single-layer 
GO suspensions reported in the literature. The spectra is characterised by a main 
absorption peak, and a smaller shoulder peak. The main absorption peak for the 
nanofluids are located at wavelengths of 242 nm (GO) and 236 nm (RGO), and 
correspond to the π → π* transition of sp² poly-aromatic (C–C bonds) carbon 
structures56. The absorption peaks of the GO–based aqueous nanofluids are also blue 
shift when compared to graphene (270 nm). The shoulder absorption peak for the 
nanofluids are located at wavelengths of 302 nm (GO) and 297 nm (RGO), and 
correspond to the n → π* electron transitions in carbonyl and carboxyl (C=O bonds) 
functional groups57, 58. This result was also confirmed by FTIR spectroscopy analysis 
which revealed the presence of oxygen functional groups. The absorption spectra also 
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revealed a small shift in peak positions (5-6 nm), with wavelengths of the peaks being 
slightly less for RGO nanofluids. Thus, the changes in the absorption spectra indicate 
the use of TEAH to produce RGO has modified the chemical structure of absorbing 
species present on the original GO sheets. Interestingly, XRD data also confirmed the 
reduction of oxygen-bearing functional groups and water molecules between the 
graphene sheets when TEAH was usd to reduce GO. 
The π → π* and n → π* transitions were clearly defined for GO and RGO based 
aqueous nanofluids, and accordingly the optical band gap energies were calculated 
from the respective UV–visible absorption spectra and Tauc plots with linear 
extrapolation. The optical band gap energy (Eg) was extracted from the absorption 
coefficient using Tauc’s equation59: 
(𝛼ℎ𝑣)𝑛 = 𝐵(ℎ𝑣 − 𝐸𝑔) (5) 
where α is the absorption coefficient, hv is the incident photon energy, and B is material 
dependent constant, while parameter n denotes the character of the optical transition. 
For example, n = 2 represents indirect (I) transitions and n = ½ represents direct (D) 
transitions. Thus, plotting (αhv)n against the incident photon energy and extrapolating 
the linear region of the curve to the x-axis will give a value for the optical band gap 
energy. However, understanding the electronic band structure of GO is difficult due to 
its amorphous nature and non-uniform oxidation levels that prevent a sharp adsorption 
edge in the Tauc plot. Instead, we see an approximate optical band gap energy range 
as seen in Figure 4 (b) and Table 2.  
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Sample 
Optical Band Gap Energies (eV) 
n = 2 (I) n = ½ (D) 
GO  3.4 to 4.4 2.2 to 3.4 
RGO  3.4 to 4.3 2.5 to 3.7 
Table 2. Band gap energy values (𝐸𝑔), indirect (I) and direct (D), obtained from 
Tauc plots of GO and RGO based aqueous nanofluids 
Similar variations in the optical band gap energy have also been reported by Hsu et al. 
(2.9 – 4.4 eV) 60 and Kumar et al. (2.9–3.7 eV) 61. The variation in optical band gap 
energies reported in the literature results from different processing factors such as time 
and the degree of oxidation, chemical functionalization, which can significantly 
influence structural, electronic and optical properties of GO62.  
 
Figure 4. UV–Vis absorption spectrum of GO and RGO based aqueous nanofluids 
and (b) Tauc plot of (αhv)n versus photon energy (hv) for a RGO based aqueous 
nanofluid  
Thermal conductivity and viscosity variations with increasing nanofluid 
temperature  
The thermal conductivity of Milli-Q® water as a function of temperature was 
measured, and the results were compared with literature values in order to establish 
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and confirm the reliability and accuracy of the measurements63. The experimental 
results show good agreement with the reference data, since all measurements are 
within the maximum relative standard deviation of 3.5%. This result also verifies the 
accuracy of the KD2 Pro Thermal Properties Analyser and the reliability and 
consistency of the experimental procedure used for measuring the thermal 
conductivity of water-based fluids and nanofluids. As expected, the thermal 
conductivity of Milli-Q® water increased with increasing temperature (20 to 40 °C) as 
seen in Figure 5 (a). Before nanofluid measurements were made it was necessary to 
determine the influence of TEAH on the thermal conductivity of Milli-Q® water. 
Therefore, measurements of the stock solution (TEAH + Milli-Q® water) were carried 
out and discovered the supressing influence of TEAH on the thermal conductivity of 
the stock solution. Overall, the stock solution had a lower thermal conductivity than 
the Milli-Q® water. Initially, the reduction in thermal conductivity was 2.2% at 20 °C 
and steadily decreased to 4.3% at 40 °C as seen in Figure 5 (a). However, the GO-
based aqueous nanofluid displayed a definite improvement in thermal conductivity. At 
20 °C the nanofluids thermal conductivity was 0.594 W/m °C, which equated to an 
improvement of 5.33% compared to pure Milli-Q® water. With increasing 
temperature, the thermal conductivity increased to 0.668 W/m °C. This equated to an 
enhancement in thermal conductivity of 9.51% at 40 °C. Conversely, the thermal 
conductivity of the RGO-based aqueous nanofluid was overall lower than the Milli-
Q® water. At 20 °C the nanofluid was 2.36% lower and at 40 °C it was 9.23% lower 
compared to pure Milli-Q® water. This was due to the presence of TEAH suppressing 
the thermal conductivity of the RGO-based aqueous nanofluid, as was seen in Figure 
5 (a). Similar suppression behaviours have also been reported for other dispersants and 
surfactants used to stabilise nanofluids 64.   
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Figure 5. (a) Variation in thermal conductivity of GO and RGO nanofluids with 
temperature and (b) variation in nanofluid viscosity with temperature  
Several researchers have also reported improving nanofluid thermal conductivities 
with increasing temperature, and suggest increasing Brownian motions of the 
suspended nanoparticles as a possible mechanism.  Since increasing Brownian motions 
tends to promote micro-convection, which in turns enhances local mixing 65, 66. In the 
case of the GO-based aqueous nanofluid there is clearly an increase in thermal 
conductivity with temperature and this mechanism would explain why it is occurring. 
However, in the case of the RGO-based aqueous nanofluid there was no improvement 
in thermal conductivity and instead there was a consistent suppression across the entire 
temperature range when compared to Milli-Q® water. This suggests the presence of 
TEAH in solution coates the suspended nanoparticles and suppresses thermal 
interactions between the nanoparticles and the surrounding fluid environment to 
significantly reduce the thermal conductivity of the nanofluid. 
Figure 5 (b) presents the results of measuring kinematic viscosity of Milli-Q® water, 
stock solution, and GO and RGO based aqueous nanofluids as a function of 
temperature. Inspecting Figure 5 (b) reveals the viscosity of all fluids decreases with 
increasing temperature. The presence of TEAH in the water-based stock solution 
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results in a 6.7% increase in viscosity compared to Milli-Q® water over the temperature 
range. While the kinematic viscosity of the GO-based aqueous nanofluid at 20 °C is 
1.015 mm2/s, which is 3.6% higher than Milli-Q® water and at 60 °C is slightly higher 
at 5.1%. The difference in viscosity between the two fluids results from graphene oxide 
flakes being present in the nanofluid. The RGO-based aqueous nanofluid at 20 °C had 
a kinematic viscosity of 1.193 mm2/s, which was 21.7% higher than Milli-Q® water 
and at 60 °C is slightly higher at 22.7%. The higher viscosity seen in the RGO-based 
aqueous nanofluid was the result of two factors. The first factor being the presence of 
TEAH in the base fluid, which increased the surface are of the nanoparticles. And the 
second factor was the higher nanofluid viscosity that resulted from the increased 
surface area of the well-dispersed and suspended nanoparticles. Other studies have 
also confirmed that well-dispersed carbon-based nanofluids display higher viscosities 
compared to nanofluids with agglomerated and clustered nanoparticles 67. The 
suspended and well-dispersed nature of the nanoparticles was reflected in the 
nanofluid stability measurements. These measurements revealed the RGO-based 
aqueous nanofluid had an absolute zeta potential value of 47.6 mV even after six 
months in storage. Unlike the GO-based aqueous nanofluid which saw a reduction in 
the zeta potential of around 30% over the same six-month period.  
Photothermal response of GO and RGO based aqueous nanofluids  
The photothermal response of Milli-Q® water, stock solution, and GO and RGO based 
aqueous nanofluids as a function of time when exposed to a solar irradiance of 1000 
Wm-2 is presented in Figure 6 (a). Inspection of Figure 6 (a) reveals the presence of 
TEAH in the stock solution gave a small photothermal response when compared to the 
pure Milli-Q® water control solution. Even after 20 minutes of exposure to solar 
irradiation the stock solution was only 0.6 °C higher than the Milli-Q® water control 
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solution. Therefore, the significant photothermal response seen in the GO and RGO 
based aqueous nanofluids was the result of their respective solid components. For 
instance, after 20 minutes exposure to solar irradiation the GO-based aqueous 
nanofluid reached a temperature of 57.4 °C and was 10.9 °C higher than the pure Milli-
Q® water control solution. While the maximum temperature reached by the RGO-
based aqueous nanofluid reached 59.9 °C as seen in Figures 6 (b) and (c) and equated 
to a temperature enhancement of 13.5 °C. The UV – visible absorption, thermal 
conductivity and viscosity measurements confirmed that small quantities of GO or 
RGO can significantly improve the photothermal properties and subsequent response 
of the base fluid. Similar studies by other researchers have also shown that small 
quantities of various forms of carbon-based materials can also promote temperature 
enhancements comparable to the results of this study. For example, Han et al., using a 
7.7% (vol.) carbon black-based aqueous nanofluid was capable of producing a 7.2 °C 
temperature enhancement compared to pure water 68. While Poinern et al., using a 
0.04% (vol.) carbon nano-sphere based nanofluid reported an 8.1 °C temperature 
enhancement compared to pure water 69. Both GO and RGO based aqueous nanofluids 
synthesised in the present work have shown good photothermal responses. In particular 
the RGO-based aqueous nanofluid exhibits a higher temperature enhancement (13.5 
°C) making it an ideal candidate for solar thermal applications. Furthermore, TEAH 
not only reduces GO to form a more graphitic material (RGO), TEAH also assists in 
producing a highly stable nanofluid. Even after six months its zeta potential was 47.6 
mV and showed no signs of sedimentation.  
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Figure 6. (a) Photothermal response of base fluids, GO and RGO nanofluids and (b-
c) thermographs of RGO-based nanofluid taken over 20 minutes while exposed to solar 
irradiation   
Conclusion  
GO was reduced by TEAH under the influence of ultrasonic irradiation to produce 
RGO. Both GO and RGO were characterised using a variety of advanced 
characterisation techniques to determine the initial physiochemical properties of GO 
and to determine resulting graphitic nature of the synthesised RGO. Characterisation 
studies revealed oxygen-bearing functional groups and water molecules were expelled 
during the chemical reduction of the initial GO structure. Changes identified in the 
FTIR and XRD studies, and small changes in the optical band gap also confirmed 
structural modifications and differences in functional groups were generated by TEAH 
as it reduced GO to form RGO. Thermal conductivity measurements revealed GO 
based aqueous nanofluids had a 9.5% enhancement at 40 °C compared to Milli-Q® 
water. Whereas RGO based aqueous nanofluids showed a decrease in thermal 
conductivity of around 9.2% compared to Milli-Q® water. However, the RGO-based 
aqueous nanofluid showed the largest photothermal enhancement of 13.5°C, while 
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GO-based aqueous nanofluids displayed a 10.9°C enhancement compared Milli-Q® 
water after 20 min exposure to a solar irradiance. Both nanofluid types were found to 
have good long-term stability, with the GO-based nanofluids having a zeta potential 
of 30.3 mV and RGO-based nanofluids having a value of 47.6 mV after six months. 
Therefore, the good dispersion stability and photothermal performance makes both 
nanofluid types very promising working fluids for low-temperature direct absorption 
solar collectors. However, the higher thermal conductivity (9.5%) of the GO-based 
aqueous nanofluid makes it the most promising candidate for direct absorption solar 
collectors. 
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Supplementary Figure S1. Schematic diagram of experimental set up for measuring 
thermal conductivity with KD2 Pro 
 
 
Supplementary Figure S2. Schematic diagram of experimental set up for conducting 
photothermal response 
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Supplementary Figure S3. Thermographs of (a) Milli-Q Water, (b) Stock solution 
(TEAH+Milli-Q Water), (c) GO-based aqueous nanofluid, and (d) RGO-based 
aqueous nanofluid taken every 5 minutes over 20 minutes while exposed to solar 
irradiation  
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Supplementary Figure S4. Zeta Potential distribution of RGO-based aqueous 
nanofluids (a) Fresh sample, (b) 6-months sample 
 
(b) 
(a) 
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Supplementary Figure S5. Zeta Potential distribution of GO-based aqueous 
nanofluids (a) Fresh sample, (b) 6-months sample. 
 
 
 
 
(a) 
(b) 
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Supplementary Figure S6. Experimental set up for the viscosity measurement by 
using Ubbelohde Viscometer. 
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Supplementary Table S1. The kinematic energy correction (HC) for SCHOTT 
Ubbelohde Viscometer 
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Supplementary Table S2. Viscosity Measurement Results 
(a) MQ-Water 
Temperature 
(oC) 
Flow Time (second) HC Kinematic 
1st 2nd 3rd 4th 5th Average (second) Viscosity 
25 288.30 290.10 287.80 287.80 287.90 288.38 0.855 0.980 
30 260.20 258.50 259.70 259.30 258.80 259.30 1.056 0.881 
35 234.20 234.00 233.50 233.80 233.90 233.88 1.304 0.793 
40 212.10 213.20 213.00 213.40 213.20 212.98 1.578 0.721 
45 195.20 195.70 195.20 195.00 195.00 195.22 1.861 0.659 
50 178.20 178.00 178.10 178.30 178.10 178.14 2.230 0.600 
55 165.20 165.50 165.20 165.20 165.90 165.40 2.593 0.555 
60 154.20 154.00 154.00 153.80 154.10 154.02 2.987 0.515 
 
(b) Stock solution (TEAH+ Milli-Q Water) 
Temperature 
(oC) 
Flow Time (second) HC Kinematic 
1st 2nd 3rd 4th 5th Average (second) Viscosity 
25 307.00 308.90 307.30 307.20 307.10 307.50 0.751 1.046 
30 274.90 275.60 275.50 275.40 275.20 275.32 0.928 0.936 
35 248.90 248.60 248.70 248.80 248.70 248.74 1.144 0.844 
40 226.50 226.10 226.30 226.50 226.30 226.34 1.386 0.767 
45 207.20 207.80 207.20 207.10 207.30 207.32 1.662 0.701 
50 190.90 190.90 190.60 190.80 190.60 190.76 1.946 0.644 
55 176.80 176.80 176.70 176.20 176.70 176.64 2.271 0.595 
60 163.60 164.30 163.60 164.30 164.30 164.02 2.635 0.550 
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(c) GO -based aqueous nanofluids 
Temperature 
(oC) 
Flow Time (second) HC Kinematic 
1st 2nd 3rd 4th 5th Average (second) Viscosity 
25 298.90 298.70 298.40 298.40 298.30 298.54 0.798 1.015 
30 268.60 269.40 268.20 268.00 268.20 268.48 0.982 0.912 
35 243.50 243.20 243.80 244.20 243.00 243.54 1.200 0.826 
40 221.00 220.80 221.10 221.30 221.00 221.04 1.459 0.749 
45 202.50 202.60 203.20 203.50 202.90 202.94 1.726 0.686 
50 187.20 187.20 187.40 188.20 188.10 187.62 2.012 0.633 
55 173.60 173.50 173.60 173.20 173.50 173.48 2.356 0.584 
60 161.50 161.60 161.30 160.70 161.40 161.30 2.720 0.541 
 
(d) RGO -based aqueous nanofluids 
Temperature 
(oC) 
Flow Time (second) HC Kinematic 
1st 2nd 3rd 4th 5th Average (second) Viscosity 
25 351.90 349.70 351.20 350.10 349.50 350.48 0.578 1.193 
30 315.40 314.00 313.70 314.00 313.60 314.14 0.716 1.069 
35 283.50 281.70 284.00 283.00 283.40 283.12 0.885 0.962 
40 256.90 260.60 257.30 257.60 258.00 258.08 1.065 0.876 
45 235.20 235.90 236.20 237.60 235.60 236.10 1.280 0.801 
50 217.60 218.80 217.00 216.90 217.60 217.58 1.510 0.737 
55 201.40 201.90 200.40 200.60 200.20 200.90 1.757 0.679 
60 186.90 187.00 188.00 187.60 187.40 187.38 2.018 0.632 
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Abstract 
The present study investigates the improvement of photothermal response and 
temperature enhancement of a widely, used organic thermal oil when small quantities 
of graphene oxide (0.1 to 0.3% w/v) were added. Characterisation studies revealed the 
ultrasonic processing procedure did not change the chemical composition of the 
organic oil, which was found to be thermally stable up to 175 °C before complete 
decomposition at 315 °C. When the GO-based fluids were exposed to a solar irradiance 
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of 985 Wm-2, the temperature enhancements achieved over the exposure period of 20 
minutes typically ranged from 42.4 to 43.2%. The temperature enhancements achieved 
indicate the GO-based fluids have the potential to be used in direct-absorption solar 
collectors for improved performance. 
Keywords: graphene oxide; Thermal properties; Solar energy materials; solar 
collectors 
1. Introduction 
Solar irradiation falling on the Earth’s surface is the largest source of renewable energy 
that is readily available for collection, concentrating, and converting into other useful 
forms of energy. In recent years, direct-absorption solar collectors (DASCs) have 
attracted considerable research interest, since the collector’s working fluid directly 
absorbs incident solar irradiation. Direct-absorption minimizes heat losses by reducing 
temperature differences between the absorber and the working fluid, which 
significantly enhances solar energy conversion [1]. Thus, delivering an alternative 
renewable energy system, which can assist in reducing the detrimental effects of 
carbon dioxide emissions and global warming [2, 3]. Importantly, working fluids that 
functions as both absorber and transfer medium are critical for the performance of 
DASCs. Therefore, developing new or modifying existing working fluids to improve 
their photo-thermal properties is highly desirable to enhance the performance DASCs 
[4, 5]. The inclusion of low concentrations of well-dispersed particles in traditional 
working fluids can significantly enhance their thermo-physical properties [6, 7]. 
However, the inclusion of large particles in working fluids has resulted in 
sedimentation, increased flow resistance, accumulation and blockage of small flow 
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channels that result in higher system pressure drops [8, 9]. Because of these 
shortcomings, particle addition has failed to gain widespread acceptance. However, 
using low concentrations of graphene nanomaterials in fluids can improve their 
thermal properties without the abovementioned shortcomings [10]. In recent years, 
studies have evaluated the performance of fluids containing small quantities of carbon-
based nanomaterials like graphite, graphene and graphene oxide. [11, 12]. The present 
work evaluated the photo-thermal performance of a commercially available heat 
transfer oil, Therminol 66® [13], when small quantities of graphene oxide (0.1 to 0.3% 
w/v) were added. 
2. Materials and methods  
2.1. Chemicals and materials 
Graphene oxide powder (product number: GNOS0010) was purchased from ACS 
Materials, LLC (Pasadena, California, USA). While Therminol 66® was manufactured 
by Eastman Chemical (Kingsport, Tennessee, USA). All materials were used without 
further purification. 
2.2. Preparation of graphene oxide-based Therminol 66® fluids 
Three solution mixtures were prepared to produce the 0.1%, 0.2% and 0.3% (w/v) GO-
based fluids. Initially, 1 ml of oil (Therminol 66®) was placed into the mortar and then 
0.1 g of GO was added. This step was followed by grinding the mixture for five minutes 
to generate a smooth paste. The paste was then added to a 99 ml solution of oil. 
Similarly, the 0.2% and 0.3% (w/v) mixtures were prepared and added to oil solutions 
98 ml and 97 ml respectively. All solutions were then sonicated for 10 minutes using 
an ultrasonic processor (Hielscher UP400S) set at a power level of 400 W. After 
 199 
 
processing, the resulting brown solutions were stored at room temperature before being 
characterised and used in the photo-thermal studies.   
2.3. Characterization Techniques 
A JEOL JCM-6000, NeoScopeTM scanning electron microscope was used to produced 
images determine particle size and shape of the supplied GO powders. While a Tecnai 
G2, FEI, (Electron Optics, USA) transmission electron microscope operating at 100 
kV was used to study size and shape of individual GO flakes produced after 
processing. While atomic force microscopy was used to determine the three-
dimensional shape and thickness of individual GO flakes using a Park systems NX10 
(Park System Corp., Suwon, Korea). Imaging was done in tapping mode using a 
standard probe (OMCL-AC160TS) with the scan rate set to 0.6 Hz. A UV-Visible 
spectrophotometer (Varian Cary 50 series version 3) was used to examine the 
absorbance of the fluids. Fourier transform infrared spectroscopy (FT-IR) studies 
examined the chemical composition of Therminol 66® during processing. A 
PerkinElmer FT-IR/NIR Spectrometer Frontier with Universal signal bounce 
Diamond ATR attachment was used to collect spectra over a scanning range from 400 
to 4000 cm-1 with a resolution step of 1 cm-1. Thermo-gravimetric analysis (TGA) was 
carried out to determine the thermal stability of the GO-based fluids using a Perkin 
Elmer simultaneous thermal analyser STA 8000. Thermal stability was carried out in 
air with a flow rate of 20 ml min-1. The temperature range started at 30 °C and 
increased to 1000 °C at a heating rate of 25 °C min-1. 
2.4. Photo-thermal and temperature enhancement measurements 
Photo-thermal response measurements were carried out in an in-house solar simulator. 
A Philips 13096 ELH (120V, 300W-G5D) bulb supplied the light. The simulator was 
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adjusted and calibrated using a LI-200 R Pyranometer to generate an irradiance of 985 
Wm-2 at 25 cm from the light source. The respective GO-based fluid samples (25 g) 
were placed in a glass petri dish (100 mm OD & 20 mm in height) fitted with a glass 
cover. Masses were determined using a laboratory balance (Ohrus pioneer PA214C 
analytical balance). Temperature measurements were taken at every minute over a 20-
minute period. Measurements were taken using a Digitech QM-1600 meter 
(thermocouple inserted into the fluid), while thermal images were recorded using a 
hand held thermal camera (Fluke Ti 25). Measurements were carried out in triplicate, 
with the mean value being used. Room temperature remained at 20 °C during the 
measurement period.  
Results and discussions 
A representative SEM image of initial GO powder can be seen in Fig. 1(a). The powder 
is agglomerated and has large numbers of folding micrometre scale sheets that also 
show surface wrinkling. Fig. 1 (b) presents a TEM image of a well dispersed and 
transparent flake of GO produced after processing. Fig. 1 (c) presents an AFM analysis 
of several flakes along the red scan line. Analysis of the scan gave a mean flake 
thickness of 5.45 nm, (Fig 1 (d). During ultrasonic mixing oil changed from pale 
yellow to a darker shade of yellow after 10 minutes, as seen in Fig. 2 (a). UV-Visible 
spectroscopy revealed the yellowing of the oil caused the absorption edge to move to 
the right by 11 nm at a wavelength of 380 nm. A similar result was also reported by 
Grirate et al. while investigating aged Therminol 66® at elevated temperatures [14]. 
Since colour changes can indicate decomposition or oxidation, FTIR analysis was 
undertaken to assess the oils stability after ultrasonic assisted mixing. The resulting 
spectra revealed no oxidation had occurred, since there were no hydroxyl or carbonyl 
 201 
 
bands present. The before and after spectra, when overlayed are a perfect match and 
only show the oils chemical composition as seen in Fig. 2 (b). FTIR analysis also 
showed the addition of GO did not change the chemical composition of the oil as seen 
in Fig. 2 (c). Also, increasing GO content darkened and reduced the transmission of 
light. For instance, at 700 cm-1, the light transmission of pure oil was 72%, but for the 
0.3% GO-based fluid it was reduced to 54%. While the photo-thermal response results 
revealed the addition of small amounts of GO can have a significant influence on the 
degree of response as seen in Fig. 3 (a).  
Thermal stability was also evaluated and a representative thermograph for the 0.3% 
GO-based fluid is presented in Fig. 3 (e). Characteristically, all fluids had a single-step 
weight loss pattern, with decomposition starting at around 175 °C and ending with 
complete decomposition at about 315 °C. The final decomposition temperature was 
lower than the 345 °C specified by the manufacture [13]. The lower temperature was 
attributed to the open system configuration used during testing, which exposed the 
fluids to oxygen and hastened the degradation reaction. Considering the results of the 
present work, the addition of small quantities of GO nanomaterials (0.1 to 0.3% w/v) 
to the heat transfer oil significantly improved its photo-thermal performance. Thus, 
small quantities of GO can significantly improve the photo-thermal response of the 
organic oil. Importantly, FTIR analysis revealed the ultrasonic assisted preparation 
procedure did not induce decomposition or oxidation of the oil. In addition, the 
inclusion of GO did not change the overall chemical structure of the oil. Thus, 
demonstrating the chemical stability and suitability of the oil for GO addition. Also, 
the GO-based fluids did not display particle agglomeration or sedimentation for over 
a period of three months. Thus, the outcomes indicate that this type of GO-based fluid 
is a suitable candidate for use in DASCs. 
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4. Conclusion 
The present work has shown the addition of small quantities of GO (0.1 to 0.3% w/v) 
to a commercially available organic thermal oil can significantly improve its photo-
thermal response. The 43.2% temperature enhancement recorded for the 0.2% GO-
based fluid, together with its stable fluid properties indicates that it can be used in solar 
thermal applications like DASCs. 
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Fig.1. Characterisation studies of GO flakes (a) SEM of supplied GO powder, (b) TEM 
of a processed GO flake, (c) AFM scan of several GO flakes and (d) flake thickness 
analysis after processing. 
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Fig. 2. (a) UV-Visible spectroscopy of oil before and after ultrasonic treatment, (b) 
FTIR analysis of chemical composition of oil before and after ultrasonic treatment, (c) 
FTIR analysis and % optical transmission of GO-based oils (0.1%, 0.2% and 0.3%). 
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Fig. 3. (a) Photo-thermal response of GO-based fluids, (b) and (c) thermal images of a 
0.3% GO-based fluid over a 20 min period, (d) thermal enhancement results for GO-
based fluids, and (e) representative thermo-gravimetric analyse a 0.3% GO-based 
fluid. 
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3.3. Chapter Summary of Cases Studies 1 and 2. 
Chapter 3 presented two case studies that examined GO and RGO based nanofluids 
in great detail. Case Study 1 presented the TEAH and ultrasound based synthesis 
method developed for producing both GO and RGO samples, which were 
subsequently used to produce a series of water-based and oil-based nanofluids. 
Characterisation studies of the nanofluids confirmed the improvements in both 
thermal and optical properties when compared to the respective base fluid. For 
instance, thermal conductivity measurements revealed GO based aqueous nanofluids 
had a 9.5% enhancement at 40 °C when compared to Milli-Q® water. Importantly, 
water-based nanofluids were found to have good long-term stability, with GO-based 
nanofluids having a zeta potential of around 30.3 mV and RGO-based nanofluids 
having a value of 47.6 mV after six months. Thus, the good dispersion stability and 
photothermal performance makes these types of nanofluids promising candidates for 
low-temperature direct absorption solar collectors. Moreover, the higher thermal 
conductivity (9.5%) of the GO-based aqueous nanofluid makes it a more promising 
candidate for DASCs. While Case Study 2 found the addition of small quantities of 
GO to an Industry organic thermal oil could significantly improve its photo-thermal 
response. In particular, the 0.2% GO-based oil fluid was found not only to be stable, 
but also displayed temperature enhancements of around 43.2% when compared to the 
base oil. Thus, indicating small amounts of GO additives can make a significant 
improvement the photothermal properties the base oil. It also suggests that this type 
of GO additive could be used in working fluids currently used in solar thermal 
applications like DASCs. 
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Chapter 4 – Graphene oxide and reduced graphene oxide 
additives for enhanced desalination productivity in solar stills. 
4.1. Overview and author contributions 
Currently, the Earth’s natural water cycle is unable to meet global demand for fresh 
clean drinking water and the shortfall is presently made-up by using high-energy 
consuming desalination processes. Regrettably, the energy powering these 
conventional desalination processes comes from fossil fuels, and results in large 
quantities of harmful greenhouse gases being discharged into the atmosphere. 
However, there has been considerable scientific and industrial interest shown in 
using solar stills to power desalination processes. Alas, solar stills have not been 
widely used and deployed because of their low productivity levels compared to other 
desalination technologies. The low productivity levels are the result of large amounts 
of energy being transferred into the water body and not being fully utilised in the 
evaporation process. Thus, recent research has focused on nanoparticle-enhanced 
vapour generation as a method of increasing evaporation rates of basin water in solar 
stills. Chapter 4 focuses on Case Study 3, which for the first time, evaluates use of 
graphene oxide (GO) and reduced graphene oxide (RGO) additives to improve 
evaporation rates of basin water used in solar stills.  
In Case Study 3, W Chamsa-ard was first author and significantly contributed to the 
research undertaken and manuscript preparation under the supervision of G Poinern. 
W Chamsa-ard carried out all experimental work. CC Fung and D Fawcett assisted 
W Chamsa-ard with data analysis. All authors contributed to the manuscript and 
assisted with the preparation of the peer-reviewed research article. 
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Abstract 
The present study evaluates the potential use of graphene oxide (GO) and reduced 
graphene oxide (RGO) additives to improve photo-thermal response and evaporation 
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rates of basin water used in solar stills. The prepared GO-based and RGO based test 
solutions were dilute, well dispersed and stable. The enhancements in photo-thermal 
response and evaporation rates were found to be significant. The best performing fluid 
was the 30% RGO stock solution-based water solution, which achieved a temperature 
enhancement of 5.2% and a significant evaporation rate improvement of 30.5% 
compared to pure water samples. Importantly, the evaporation rates achieved were at 
relatively lower solution temperatures that were typically between 39 and 41 °C. Thus, 
highlighting the advantage of adding either GO or RGO to basin water to improve 
evaporation rates.  All GO and RGO based solutions displayed excellent dispersion 
stability over the investigated temperature range.   
Keywords:  
Desalination, solar stills, vapour generation, photo-thermal enhancement  
1. Introduction 
Finding new sources of potable water is an international and sustainable objective by 
many nations. Globally, the demand for water is rising by 2% each year and is expected 
to reach 6,900 Billion m3 by 2030 1. However, the Earth’s natural sustainable water 
cycle only produces 4,200 Billion m3 annually and will result in a shortfall of 2700 
Billion m3 2. Presently, the Earth’s natural water cycle is unable to meet global 
demands and the deficit is made up by using high energy consuming desalination 
processes. Current estimates also indicate that if no new sources of potable water are 
found or desalination levels are not increased, then around two thirds of the global 
population will have insufficient potable water by 2025 3. Furthermore, the problem 
will be further exacerbated by an ever increasing global population that is expected to 
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be around 12.3 billion in 2100 4, 5. Therefore, developing sustainable and cost-effective 
technologies for generating potable water are currently needed to meet current and 
future demands. Solar energy is the largest source of sustainable and renewable energy, 
and harvesting it for water distillation offers an economical and practical technology 
for producing potable water 6. Solar distillation systems or stills have lower operational 
costs and do not produce harmful greenhouse gas emissions 7. Typically, solar energy 
passes through a sloping glass cover before heating brackish or saline water contained 
in a basin. The resulting vaporized water, because of its partial pressure and 
temperature, condenses on the cooler inner surface of the sloping glass cover. The 
condensed water droplets then move downwards under the influence of gravity and are 
collected by a trough fitted along the entire length of the covers lower edge 8. The 
collected desalinated water is free of impurities and potable 9. However, solar stills 
tend to have lower water production rates (2 to 5 L/m2/day) compared to more 
traditional high-energy based desalination processes, which in turn reduces their 
economic competitiveness 10.  
In recent years there has been a concerted effort to improve solar still productivity and 
in particular enhance water evaporation during the solar heating cycle 11. During 
heating only water molecules located close to the air-water interface are evaporated 
into a vapour phase 12. However, large amounts of heat are also transferred to the water 
volume below the air-water interface where it promotes water boiling. During boiling, 
bubbles form and bubble migration to the air-water interface takes place, which further 
dissipates heat. Importantly, studies have shown the addition of small amounts of 
particular materials in basin water can significantly improve the absorption of solar 
energy. The increased levels of energy absorption, translates to higher water 
temperatures and higher evaporation rates. Studies have found the addition of dyes to 
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basin water not only darkens the water, but it also increases the absorption of solar 
energy and improves solar still performance 13, 14. For instance, Nijmeh et al. found 
the inclusion of violet dye into basin water increased the evaporation rate by 29% 14. 
Studies have also found the addition of floating materials like charcoal can also 
significantly improve productivity 15, 16. For example, porous floating absorbers made 
of blackened jute cloth have been found to increase productivity by 68% on clear days 
and 35% for cloudy days when added to the basin water of a single slope solar still 17. 
While other researchers have focussed on incorporating nanomaterials into basin water 
as a method of improving overall thermal performance and productivity 18, 19. In 
particular, carbon-based nanomaterials like graphite, graphene, and carbon nanotubes 
display superior broadband solar absorbance. The enhanced solar absorbance of these 
carbon-based nanomaterials is due to their sp2-hybridized carbon atomic structure and 
π-band optical transitions 20. Graphene in its various forms have a measured thermal 
conductivity that ranges from 3000 to 5000 Wm−1K−1 at room temperature, and 
compares amazingly well with that of pyrolytic graphite, which is 2000 Wm−1K−1 at 
room temperature. However, nanomaterial concentration in basin water can 
significantly influence the solar still performance. Since high concentrations of 
nanomaterials will not only restrict solar illumination to the upper layer of basin water, 
but will also lead to greater instability resulting from nanomaterial agglomeration and 
sedimentation 21. 
The present study has developed a method for producing well-dispersed graphene 
oxide (GO) and reduced graphene oxide (RGO) nanoparticles at room temperature. 
These two carbon-based additives were developed for incorporation into basin water 
of a solar still to improve water evaporation rates and thermal performance. 
Commercially available graphene oxide powder was reduced using tetra ethylene 
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ammonium hydroxide (TEAH), which also acted as the stabilising agent. TEAH 
reduction was confirmed by X-ray diffraction (XRD), UV-visible spectroscopy and 
Fourier Transform Infrared Spectroscopy (FT-IR). While electron microscopy was 
used to determine size and structure of the carbon nanomaterials. The enhanced photo-
thermal response and increased evaporation rates of water with and without carbon-
based nanomaterials were also investigated and discussed. 
2. Materials and methods 
2.1. Materials 
Carbon-based materials were derived from graphene oxide (GO) powder (product 
number: GNOS0010) supplied by ACS Material, LLC (Pasadena, California, United 
States of America). The reduction agent used was tetra ethyl ammonium hydroxide 
[TEAH, C8H21NO, (35% in water)] supplied by Tokyo Chemical Industry Co., Ltd. 
(Kita-Ku, Tokyo, Japan). All other chemicals and solvents used in the preparation 
procedures were analytical grade and used without further purification. All aqueous-
based solutions used in the preparation procedures were produced from Milli-Q® water 
(10 MΩ cm-1) produced from a Milli-Q® Reagent water generation system supplied by 
the Millipore Corporation. 
2.2. Preparation of carbon-based nanomaterials and stock solutions 
The carbon-based materials were derived from GO powder. The first stock solution 
prepared was the 0.1% GO-based aqueous solution. The procedure started with 0.1g 
of GO powder being placed into a mortar. Then 2ml solution of Milli-Q® water was 
added and the mixture. This was followed by the mixture being ground with a pestle 
for five minutes to generate a smooth paste. The paste was then added to a 100 ml 
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solution of Milli-Q® water, before being sonicated for 10 minutes using an ultrasonic 
processor (Hielscher UP400S) set at a power level of 400 W. After processing, the 
orange tinted brown solution (as seen in Figure 1) was stored at room temperature 
before being used to prepare treated water samples.  The second stock solution 
prepared was the 0.1% RGO-based aqueous solution. The procedure commenced with 
a solution mixture consisting of TEAH (20% by volume) and Milli-Q® water being 
poured into a Schott bottle to make a 100 ml stock solution. This was followed by 
adding 0.1g of GO powder into a mortar. Then 2ml of stock solution was added and 
the mixture was ground with a pestle for five minutes to produce a smooth paste. After 
mixing, the paste was added to a 100 ml beaker containing stock solution (10 ml) and 
Milli-Q® water (90 ml). The mixture was then sonicated for 10 minutes at a power 
level of 400 W. After treatment, the resulting black solution (as seen in Figure 1) was 
stored at room temperature before being used to prepare treated water samples.   
2.3. Preparation of water solutions containing carbon-based additives 
The GO and RGO stock solutions prepared above are used to produce aqueous-based 
test solutions. The range of test solutions made up were equivalent to 10%, 20%, and 
30% carbon-based additive stock solution added to Milli-Q® water (15, 30, and 45 mL 
of respective GO and RGO stock solutions to 135, 120, 105 ml of Milli-Q® water). 
After the addition of stock solutions to Milli-Q® water, the glass vials were hand 
shaken for 1 minute. No further dispersion techniques like sonication are needed, since 
the GO and RGO based solutions are well dispersed and very stable for long periods 
of time (~3 months). 
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2.4. GO and RGO characterisation studies 
Characterisation studies were carried out to confirm the reduction of GO by TEAH to 
produce RGO and to also evaluate the size and shape of the powders. Images produced 
by a JEOL JCM-6000, NeoScopeTM scanning electron microscope were used to 
determine particle size and shape of supplied powders. While a Tecnai G2, FEI, 
(Electron Optics, USA) transmission electron microscope operating at 100 kV was 
used to evaluate the size and shape of individual GO flakes produced after processing. 
An Agilent/HP 8453 UV-Visible Spectrophotometer over a spectral range between 
190 and 1100 nm, with 1 nm range resolution, used to assess the chromophores present 
in the GO and RGO stock solution-based nanofluid samples. X-Ray Diffraction (XRD) 
Spectroscopy was used to investigate the crystalline structure of both GO and RGO 
powder samples. Diffraction patterns were taken over a 2θ range starting at 5° and 
finishing at 75°. The incremental step size of 0.02° was used, with an acquisition speed 
of 2° min-1 using a GBC® eMMA X-Ray Powder Diffractometer (Cu Kα = 1.54056 Å 
radiation source) operating at 35 kV and 28 mA. The recorded Bragg peak locations 
were identified in the patterns were compared with those reported in the ICDD 
(International Centre for Diffraction Data) databases and Miller indices were assigned 
to the respective peaks. While a PerkinElmer FT-IR / NIR Spectrometer Frontier with 
Universal signal bounce Diamond ATR attachment was used to identify functional 
groups and their respective vibration modes present in the samples. FT-IR spectra were 
collected over a scanning range, from 400 to 4000 cm-1, with a step resolution of 1 cm-
1 over the entire range.  
2.5. Photo-thermal response and evaporation rate measurements 
Photo-thermal and evaporation measurements were carried out in an in-house solar 
simulator. The light source was produced by a Philips 13096 ELH (120V, 300W-G5D) 
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light bulb. The simulator was adjusted and calibrated using a LI-200 R Pyranometer 
to produce an irradiance of 985 Wm-2 at a testing distance of 25 cm from the 
illumination source. The respective solution samples (25 g) were placed in an 
uncovered Petri dish located on an insulated shelf at the testing distance. 
Measurements were taken at 5, 10, 15, 20 and 60 minutes. Temperature measurements 
were taken of the test period using a hand-held thermal camera (Fluke Ti 25). Weight 
loss measurements of the respective solutions to determine evaporation rates were 
carried out using a laboratory balance (Ohrus pioneer PA214C analytical balance) at a 
room temperature of 27°C. 
3. Results and discussions 
SEM analysis of supplied GO oxide powders revealed the powders were highly 
agglomerated and had large numbers of folding micrometre scale sheets. These sheets 
also displayed a high degree of surface wrinkling as seen in Figure 1 (a). After the 
grinding process powders consist of well-dispersed and transparent flakes as seen in 
the TEM image presented in Figure 1 (b). Image analysis revealed the flakes ranged 
in size from 20 to 80 µm in size, with thicknesses ranging from 5 to 20 nm. Reduction 
of GO was verified by UV–Visible absorption spectroscopy, XRD spectroscopy and 
FT-IR spectroscopy. A typical UV–Visible absorption spectrum for GO and RGO 
samples is presented in Figure 1 (c). Inspection of the absorption spectrum reveals a 
major absorption peak, and a smaller shoulder peak. The major peaks are located at 
242 nm (GO) and 236 nm (RGO), which corresponds to the π → π* transition of sp² 
poly-aromatic (C–C bonds) carbon structures. While the smaller shoulder peaks are 
located at 302 nm (GO) and 297 nm (RGO), which correspond to the n → π* electron 
transitions for carbonyl and carboxyl (C=O bonds) functional groups 22. The 
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absorption peaks are typical of GO and RGO suspensions reported in the literature and 
reveal TEAH has modified the chemical structure of the absorbing species present on 
GO sheets prior to treatment 23, 24.  Also shown in Figure 1 (c) is the colour of the 
resulting stock solutions after processing, with GO being brown and RGO being black. 
 
Figure 1. (a) A representative SEM image of supplied GO oxide powders, (b) TEM 
image of a well dispersed and transparent flake after grinding, and (c) a typical UV–
Visible absorption spectrum for GO and RGO samples with insert showing respective 
resultant stock solution colour.  
XRD spectroscopy was used to confirm the reduction of GO by TEAH to produce 
RGO. Representative XRD patterns for GO and RGO samples are presented in Figure 
2 (a). The GO pattern displays the characteristic 2θ diffraction peak located at 11.66°, 
which was attributed to the (001) crystalline plane of GO and is consistent with values 
reported in the literature 25, 26. While the RGO pattern revealed a strong 2θ diffraction 
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peak located at 24.50° and was identified as the (002) peak for graphite 27. The 
graphitic-like character seen in RGO pattern confirms the conversion of GO to RGO. 
Likewise, this result was confirmed by FTIR spectroscopy analysis which identified 
several vibrational transitions that confirmed the conversion of GO to RGO. 
Representative spectra for GO and RGO samples are presented in Figure 2 (b). 
Vibrational transitions identified in the GO spectrum included a broad band located at 
3169 cm-1, which was identified as O–H stretching vibrations of adsorbed water 
molecules and OH groups. The next band located at 1711 cm-1 was identified as C=O 
stretching vibrations of carbonyl groups. This was followed by the 1619 cm-1 band that 
identified C=O stretching vibrations of carboxylic and/or carbonyl functional groups. 
This was followed by the 1396 cm-1 band which was assigned to C-OH bending 
vibrations or O-H deformation. And finally the 1048 cm-1 band was identified as C–O 
stretching vibrations 28, 29. Also included in Figure 2 (b) was a typical RGO spectrum 
that contained a number of bands not seen in the GO spectrum. For instance, there was 
the band located at 2988 cm-1 that was identified as a C-H stretching vibration. This 
was followed by bands located at 1611 cm-1 and 1439 cm-1 that were identified as C=C 
stretching and C-H bending vibrations respectively. Also seen was aliphatics (-NO2), 
which were located at bands 1395, 1368 and 1332 cm-1. This was followed by a C-N 
stretching vibration located at 1173 cm-1 and a C-O stretching vibration located at 1002 
cm-1. The remaining three bands (837, 783 and 667 cm-1) were identified as C-H 
bending 29, 30. 
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Figure 2. (a) XRD diffraction patterns and (b) FTIR spectroscopy analysis of GO and 
RGO stock solution samples, and (c) and (d) water solutions containing GO and RGO 
additives. 
A range of test solutions were made up from varying percentages (10, 20 and 30%) of 
GO and RGO stock solutions. Figure 2 (c) presents the colour range of the three GO-
based solutions and a sample of stock solution. Starting from the left the 10% solution 
was light grey, 20% solution was pale yellow and 30% solution was light brown. While 
the original GO stock solution was brown in colour. The RGO-based solutions are 
presented in Figure 2 (d). The 10% solution was light brown, 20% solution was 
medium brown and 30% solution was dark brown. The original RGO stock solution 
was black in colour. Each of these different coloured solutions produced varying 
degrees of photo-thermal response and evaporation rates. The results of photo-thermal 
testing of all solutions irradiated at 985 Wm-2 for a period of 60 minutes are presented 
in Figure 3. During the first 10 minutes all solution displayed a rapid increase in 
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temperature at an average rate of 1 °C min-1. The next 10 minutes saw a much lower 
temperature increase rate of around 0.2 °C min-1. Beyond 20 minutes, the temperature 
rise was small and started to level off. The control (Milli-Q® water) increased from 
room temperature (27 °C) up to a maximum temperature of 39 °C by the end of the 
test period.  
 
Figure 3. Photo-thermal responses of test solutions: (a) GO-based solutions, (b) initial 
and (c) final temperature, d) RGO-based solutions, (e) initial and (f) final temperature. 
All of the GO-based and RGO-based solutions had higher temperatures than the 
control at the end of the test period. The best performing solution was the 30% RGO-
based aqueous solution which achieved a temperature of 41 °C as seen in Figure 3 (d, 
e and f). This equated to an enhancement of 5.2% when compared to the control 
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solution. Similarly, the 30% GO-based aqueous solution reached a temperature of 40.5 
°C and equated to an enhancement of 3.8% when compared to Milli-Q® water. The 
temperature enhancement achieved by all solutions is presented in Figure 5.  
Also investigated were mass losses and evaporation rates of the respective solutions 
during the test period. The mass losses for all solutions over the test period displayed 
a linear relationship against time. Both GO-based and RGO-based solutions lost larger 
amounts of mass over the same period as seen in Figures 4 (a) and (c). Milli-Q® water 
lost 7.46 g in mass after 60 minutes, whereas the 30% GO-based solution lost 9.17 g 
and the 30% RGO-based solution lost 9.74 g. 
 
Figure 4. GO-based solutions (a) mass losses and (b) evaporation rates and RGO-
based solutions (c) mass losses and (d) evaporation rates. 
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Interestingly, over the test period the evaporation rate of all solutions rapidly increased 
in the first 20 minutes. But beyond the initial 20 minutes the evaporation rate appeared 
to level out. For instance at 20 minutes, Milli-Q® water reached an evaporation rate of 
1.85 mg min-1 cm-2, but after a further 40 minutes it only reached 1.94 mg min-1 cm-2. 
A similar trend was seen for the GO-based and RGO based solutions. The maximum 
evaporation rates achieved were 2.39 mg min-1 cm-2 for the 30% GO-based solution 
and 2.54 mg min-1 cm-2 for the 30% RGO-based solution after 60 minutes. Thus, 
demonstrating a significant increase in evaporation rates for solutions containing 
carbon additives compared to Milli-Q® water. The enhancement in evaporation rates 
and photo-thermal responses is presented in Figure 5. In both cases, increasing the 
amounts of carbon additives has significantly improved their respective solution 
performances. In particular, the addition of RGO in the 30% RGO-based solution has 
improved its evaporation rate by 30.5% compared with Milli-Q® water as seen in 
Figure 5 (b).  
 
Figure 5. (a) Enhancement in photo-thermal and (b) improving evaporation rate with 
increasing amounts of either GO or RGO. 
In a typical solar still system, with a single glazed cover over a basin, the basin water 
absorbs incident solar radiation. The radiation heats the basin water increasing its 
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temperature. Under the same intensity of solar irradiation and time, the temperature 
rise of basin water depends on its thermal characteristics and optical absorption 
property. In the present study RGO-based solutions displayed superior photo-thermal 
responses and evaporation rates compared to GO-based solutions. And both had 
superior photo-thermal responses and evaporation rates compared to Milli-Q® water as 
seen in Table 1. Studies have evaluated several methods of harvesting solar thermal 
energy through nanofluid-based volumetric absorption systems using a variety of 
carbon materials like graphene oxide, but they have generally focused on using much 
higher levels of solar energy 31, 32. While other studies have evaluated the use of 
floating materials to improve evaporation rates under normal levels of solar irradiation, 
they can also promote higher levels of bio-fouling if not properly maintained 15, 17. 
Other studies have also reported changes in the colour of GO after being irradiated by 
UV light 33, 34. In addition, during and after irradiation the GO-based and RGO-based 
solutions displayed good dispersion stability over the entire temperature range. 
Furthermore, no precipitations were found at the bottoms of the vials containing the 
GO-based or RGO-based solutions for over two months. Thus, indicating the long-
term dispersion stability of the respective solutions. Importantly, the evaporation rates 
achieved were at relatively lower solution temperatures that were typically between 39 
and 41 °C. Thus, highlighting the advantage of adding either GO or RGO to basin 
water to improve evaporation rates for lower operational temperatures as well as at 
higher temperatures. Future work will investigate the long-term stability and 
operational performance of these additives in a conventional passive single-effect solar 
still.  
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Material % Max. 
Temperature 
(°C) 
Max. Mass Loss 
(g) 
Max. Evap. Rate 
(mg min
-1
 cm
-2
) 
Milli-Q® water - 39 7.46 1.94 
     
GO-based 10 39.5 8.35 2.17 
 20 40.0 8.62 2.24 
 30 40.5 9.17 2.39 
     
RGO-based 10 39.7 8.78 2.29 
 20 40.5 9.26 2.41 
 30 41.0 9.74 2.54 
Table 1. Maximum temperature, mass losses and evaporation rates achieved after 60 
minutes of exposure to an irradiance of 985 Wm-2.   
4. Conclusion 
The present study has shown that RGO-based solutions have higher photo-thermal 
responses and have superior evaporation rates. In particular, the 30% RGO stock 
solution-based water solution achieved a temperature enhancement of 5.2% and an 
increased evaporation rate of 30.5% compared to pure water samples. All GO and 
RGO based solutions had excellent dispersion stability and showed no signs of 
degradation or sedimentation. In particular, the RGO based solutions achieved greater 
temperature enhancement compared to GO based solutions. Both GO and RGO based 
solutions displayed good dispersion stability, improved photo-thermal performance 
and enhanced evaporation rates. Thus, both GO and RGO based solutions have the 
potential to be used as additives. But the RGO based additives display the most 
promising results for optimising solar still performance during periods of low-
temperatures. 
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4.3. Chapter Summary 
Case Study 3 evaluates the use of GO and RGO additives to enhance the photothermal 
response basin water used in solar stills. In all cases the fluids containing the respective 
additive were well dispersed and stable. In addition, when exposed to solar irradiation, 
all test fluids displayed photothermal enhancements which translated into significant 
improvements in fluid evaporation rates. The best performing fluid was the 30% RGO 
stock solution-based fluid which achieved a 30.5% improvement in the evaporation 
rate when compared to pure water samples. Significantly, these evaporation rate 
enhancements occurred for relatively low fluid temperatures which ranged between 39 
and 41 °C. Importantly, these results demonstrated how effective the GO and RGO 
additives were at improving basin water evaporation rates while maintaining a high 
degree of dispersion stability. Thus, demonstrating proof of concept and their 
suitability for use in solar stills to promote higher evaporation rates and ultimately, 
improve freshwater production levels.   
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Chapter 5 - General Discussions, Conclusions and Future 
Work 
5.1. Overview 
Today, sustainable production of energy and drinking water are the foremost 
challenges facing the world today. The ever-growing global population has not only 
driven increasing demands for energy, but has also created a considerable demand 
for clean freshwater that cannot be met by the Earth’s annual natural water [1]. The 
current global water demand is already higher than the Earth’s natural water cycle 
and the shortfall is being made up by high energy consuming desalination processes 
[2]. Currently, fossil fuels supply around 86% of the energy needed for power 
generation, which also includes power necessary for desalination [3]. Because of this 
over reliance on fossil fuels, power generation and desalination plants generate large 
quantities of harmful greenhouse gases to the atmosphere. In addition, the 
detrimental impact of spent fossil fuels on the environment, current research efforts 
have focused on developing renewable and eco-friendly energy sources to generate 
electrical power and run desalination plants. These efforts are extremely important, 
since there is an international objective known as the Paris Agreement to limit the 
rise in global temperatures to 2 °C with respect to pre-industrial levels [2,4]. One 
such effort is to harvest and utilise the extremely large amounts of solar energy 
reaching the Earth, since it has the greatest potential to assist in reducing greenhouse 
gas emissions and mediate the effects of global warming. Therefore, using renewable 
solar energy to produce useful thermal energy and drive solar still desalination 
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systems offers sustainable and eco-friendly approaches for solving two of the most 
serious challenges facing the world today.  
The present research work begins by reviewing current literature that reports the 
progress of made to convert solar energy to thermal energy via nanofluids and 
DASCs. The review also summarised current research into developing high 
efficiency solar desalination systems. Secondly, Proof of Concepts for GO and RGO 
based aqueous nanofluids in low-temperature DASCs and for including small 
quantities of GO powder to a traditional heat transfer oil to significantly improve its 
photothermal performance. And thirdly, the research demonstrated Proof of Concept 
for incorporating GO and RGO stock nanofluids additives in solar still basin water to 
significantly improve evaporation rates. 
5.2. Research Results and Achievements 
The thesis, focused on four aims: 1) Develop an extensive overview of current 
nanofluid types, their synthesis, properties and incorporation in direct solar thermal 
collectors. And review the current designs, operational parameters and material 
advances for solar thermal stills used for desalination; 2) Synthesise, characterise and 
determine the thermo-physical properties of two new and novel graphene oxide and 
reduced graphene oxide materials suitable for solar thermal applications; 3) Develop 
new and innovative graphene oxide (GO) and reduced graphene oxide (RGO) 
material samples for inclusion in an organic thermal oil-based nanofluid and 
inclusion in water-based nanofluids for use in direct absorption solar collectors 
(DASCs), and finally 4) Optimise GO and RGO additives for inclusion in solar still 
basin water to improve photothermal response and increase evaporation rates. To 
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achieve the four aims, the thesis incorporated two major literature reviews and three 
case studies. 
The thesis started with an introductory chapter that provided background, scope and 
research aims. The second chapter focused on reviewing current literature reporting 
on the progress of converting solar energy to thermal energy via DACSs 
incorporating nanofluids, and advancements made in developing high efficiency 
solar desalination systems. These two major literature reviews addressed the first aim 
of the thesis. The first entitled “Nanofluid types, their synthesis, properties and 
incorporation in direct solar thermal absorption collectors: A review” was a 
comprehensive review that summarizes current status of conventional solar thermal 
energy conversion systems. In particular, the review discusses DASCs and methods 
for improving their performance and then leads into a discussion of the various types 
of nanofluids currently available, their synthesis, properties and use in DASCs. The 
review closes with a discussion of nanofluid property modelling to assist in the 
optimisation of DASC designs for improved performances and efficiencies. The 
second review entitled “Solar thermal stills for desalination: A review of designs, 
operational parameters and recent material advances” discusses at length the types 
of single and multi-effect solar still configurations under investigation and those 
currently in use. In addition, the review discusses design parameters and criteria, 
influencing factors, operational parameters and various methods for optimising 
freshwater productivity. The review also examines and discusses recent material 
advances in nanoparticle-based volumetric systems, phase change materials and 
floating composite solar receivers. Importantly, chapter two identifies the importance 
of new advanced nanometre scale materials like nano-carbons as an effective 
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material for improving conventional solar thermal applications like DASCs and solar 
stills.  
Chapter 3, which was entitled “Nanofluids: Graphene oxide and reduced graphene 
oxide nanofluids for direct solar thermal absorption collectors” was composed Case 
study 1 and Case Study 2. The two case studies addressed the second and third aims 
of the thesis. The chapter centred on the synthesis and characterisation of GO and 
RGO based aqueous nanofluids, and the subsequent analysis of these nanomaterials. 
Case Study 1, which was entitled “Synthesis, characterisation and thermo-physical 
properties of highly stable graphene oxide-based aqueous nanofluids for low-
temperature direct absorption solar collectors” for the first time, used GO and RGO 
based nanofluids generated from a facile approach to produced water-based 
nanofluids. Initially, these synthesised materials were characterised using a variety of 
advanced characterisation techniques to fully investigate their properties. The 
characterisation studies also confirmed chemically reducing GO with TEAH under 
the influence of ultrasonic irradiation did indeed produce RGO, which was highly 
graphitic in nature. Thus, establishing the effectiveness of the new facile approach 
for generating RGO based aqueous nanofluid from GO powder. The thermal and 
fluidic properties of GO and RGO nanofluids were then evaluated for use in DASCs. 
Interestingly, GO based aqueous nanofluids had a 9.5% improvement in thermal 
conductivity at 40 °C compared to Milli-Q® water. While RGO based nanofluids had 
a lower improvements in thermal conductivity of around 9.2% compared to Milli-Q® 
water. Whereas, RGO-based nanofluids displayed the largest photothermal 
enhancements of around 13.5°C, which was larger than the 10.9°C enhancements 
seen in the GO-based nanofluids. Importantly, both nanofluid types displayed good 
long-term stability, with zeta potentials of around 30.3 mV for GO-based nanofluids 
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and 47.6 mV for RGO nanofluids after six months. Thus, Case Study 1 established 
Proof of Concept for using these nanofluids in low-temperature DASCs. 
 Case Study 2 entitled “The addition of graphene oxide to enhance the photo-thermal 
performance of a premier organic heat transfer oil” established Proof of Concept for 
including small quantities of graphene oxide in a heat transfer oil (Therminol 66®) to 
significantly improve its photothermal response and increases its temperature 
enhancement. Therminol 66® is an Industry leading heat-exchanger organic fluid 
used globally in heat transfer applications. Importantly, the ultrasonic processing 
procedure used to mix small quantities of GO powder in organic oil did not change 
the oils chemical composition or its thermal stability. And when the GO-based oils 
were subjected to solar irradiation (985 Wm-2) for 20 minutes they typically 
displayed temperature enhancements of around 43%. In addition, none of the GO-
based oils displayed any signs of particle agglomeration or sedimentation for over 
three months. Thus, Case Study 2 established Proof of Concept for including small 
quantities of GO powders in an organic oil to improve its photothermal response. 
Thus, demonstrating it is possible to improve the performance of an existing working 
fluid by the inclusion of GO additives. This result also demonstrates that these GO-
based oil nanofluids can be effectively used in DASCs immediately. 
Chapter four, which was entitled “Graphene oxide and reduced graphene oxide 
additives for enhanced desalination productivity in solar stills” was composed of 
Case Study 3 and addressed the fourth aim of the thesis. Case Study 3 has shown that 
when GO and RGO, stock nanofluids from case study 1, additives were included in a 
basin water used in solar stills, there were significant improvements in both 
photothermal responses and evaporation rates. In particular, the best performing fluid 
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was the 30% RGO stock solution-based water solution, which achieved a 
temperature enhancement of 5.2% and an improvement of 30.5% in the evaporation 
rate compared to pure water samples. An interesting feature of this study was the 
improvements in evaporation rates were achieved at relatively lower solution 
temperatures (39 and 41 °C). Thus, demonstrating the advantages of adding either 
GO or RGO stock nanofluids additives to basin water to improve the thermal 
performance of solar stills. All GO and RGO based solutions had excellent 
dispersion stability and showed no signs of degradation or sedimentation. Thus, Case 
Study 3 established Proof of Concept for incorporating GO and RGO powder-based 
additives in basin water to improve photothermal responses and evaporation rates. 
Thus, demonstrating it is possible to improve the performance of an existing solar 
still, incorporating a basin, by the inclusion of these additives.  
5.3. Recommendations for Future Work 
The research undertaken as part of this thesis was very successful, (produced two 
extensive literature reviews and three research articles) and has demonstrated Proof 
of Concept for each of the three Case Studies undertaken. 
In Case Study 1 entitled “Synthesis, characterisation and thermo-physical properties 
of highly stable graphene oxide-based aqueous nanofluids for low-temperature direct 
absorption solar collectors” the range of GO and RGO based nanofluids investigated 
was limited. In particular the 0.1% mass concentration of GO-based and RGO-based 
nanofluids could be extended in future work. Initial experimental work indicated this 
low concentration would give the best results without particle agglomeration. But 
future work is needed to determine the levels of additives that can induce nanofluid 
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instability and particle agglomeration that ultimately leads to sedimentation. This 
work needs to be done to determine the optimal operational parameters that these 
types of nanofluids can effectively function in industrially demanding conditions. 
Proof of Concept was established but further studies would also be needed to 
evaluate the long-term stability of the nanofluids thermo-physical properties. This is 
particularly important since DASCs could be operating in awkward locations for 
many years. And nanofluid longevity would be a major operational parameter and 
maintenance or replacement issues.        
In Case Study 2 entitled “The addition of graphene oxide to enhance the photo-
thermal performance of a premier organic heat transfer oil” only evaluated the 
inclusion of small quantities of GO powders in one commercially available organic-
based heat transfer oil. The first literature review article testifies to how little 
research has been done in the field of including carbon-based nanomaterials in 
working fluids with the aim of improving their thermal properties. Similarly, 
research into using GO and RGO as additives in working fluids for solar thermal 
applications is relatively new and this thesis is believed to be the first of its kind in 
this new and emerging field. Accordingly, the scope for future work is large since 
very few oils have been studied for thermal property enhancement using either GO or 
RGO powder additives. As mentioned above, the present work only examined GO 
and one organic oil. Thus, future work is needed to evaluate a wider range 
commercially available oils and similar working fluids. Also the amounts of GO 
added to the oil were small (0.1 to 0.3% w/v) and this range needs to be extended to 
find the optimal loading possible to achieve maximum property enhancement. In 
addition, GO powder additives also need to be fully investigated for possible use in a 
range of oils. Case Study 2 established Proof of Concept and future work is needed to 
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ascertain the feasibility of extending this research for different additive materials and 
different types of working fluids.  
In Case Study 3 entitled “Graphene oxide and reduced graphene oxide additives to 
improve basin water evaporation rates for solar still desalination” established Proof 
of Concept for incorporating GO and RGO stock nanofluids additives in basin water 
to improve evaporation rates. In recent years there has been considerable solar still 
research that not only examined new designs and optimising operational parameters, 
but has also investigated the use of new advanced materials. The second literature 
review article produced as part of this thesis testifies to much work has been done in 
the field solar still-based desalination. But the review also highlighted how little 
research has been done in the field of including carbon-based nanomaterials in basin 
water with the aim of improving evaporation rates and increasing freshwater 
production rates. Accordingly, future work is needed to fully exploit the potential of 
GO and RGO nanofluids additives for enhancing basin water evaporation rates. The 
present study only evaluated additive performance at relatively low water 
temperatures that typically ranged between 39 and 41 °C. Evaluating the additives 
performance in higher basin water temperatures would be useful in producing higher 
evaporation rates and determining optimal additive levels for the most favourable 
evaporation rates. Further research is also needed to investigate the properties of 
other carbon-based nanomaterials suitable for inclusion in basin waters to promote 
high evaporation rates.  Moreover, other graphitic-based nanomaterials with poly 
atoms such as B, N, and Si could be explored in the same way as above [5].  
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INTRODUCTION 
Studies have shown the unique physiochemical and 
biological properties of gold (Au) nanoparticles makes 
them ideal for applications such as in cancer therapeutics, 
drug delivery, antimicrobials and medical imaging.1-7 Au 
nanoparticle properties are dependent on their size and 
shape which makes them different from their bulk 
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ABSTRACT 
 
Background: Globally, large quantities (tonnes) of diverse sources of food wastes derived from horticulture are 
produced and offer a valuable renewable source of biochemical compounds. Developing new recycling and food 
waste utilisation strategies creates unique opportunities for producing gold (Au) nanoparticles with desirable 
antibacterial properties. The present study used an eco-friendly procedure for biologically synthesizing gold (Au) 
nanoparticle shapes from waste Citrullis lanatus var (watermelon).  
Methods: The green chemistry-based procedure used in this study was straightforward and used both red and green 
parts of waste watermelon. The generated Au nanoparticles were subsequently evaluated using several advanced 
characterization techniques. The antibacterial properties of the various extracts and synthesised nanoparticles were 
evaluated using the Kirby-Bauer sensitivity method. 
Results: The advanced characterization techniques revealed the Au particles ranged in size from nano (100 nm) up 
micron (2.5 μm) and had a variety of shapes. The red watermelon extract tended to produce spheres and hexagonal 
plates, while the green watermelon extract tended to generate triangular shaped nanoparticles. Both red and green 
watermelon extracts produced nanoparticles with similar antibacterial properties. The most favourable response was 
achieved using a 5:1 green watermelon-based mixture for Staphylococcus epidermidis, which produced a maximum 
inhibition zone of 12 mm. While gram-negative bacteria Escherichia coli produced a maximum inhibition zone of 10 
mm for the same mixture.  
Conclusions: The study has shown both red and green parts of waste watermelon can be used to produce Au 
nanoparticles with antibacterial activity towards both Escherichia coli and Staphylococcus epidermidis. The study has 
also demonstrated an alternative method for producing high-value Au nanoparticles with potential pharmaceutical 
applications.  
Keywords: Antibacterial, Food waste, Gold nanoparticles, Green chemistry, Watermelon 
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equivalent.8 Because of these unique properties, 
researchers have investigated the use of Au nanoparticles 
to combat antibiotic resistant strains of bacteria and 
fungal species. Currently, several bacterial and fungal 
species have developed immunity against routinely used 
antibiotics. Thus, there is a critical need to develop new 
and more effective antimicrobial agents to fight antibiotic 
resistant bacteria and fungal species. Interactions 
occurring between Au nanoparticles and microorganisms 
have been found to result in cell membrane damage via 
bio-sorption and toxicity via cellular uptake.9,10 The 
precise mechanisms involved in these interactions is not 
fully understood. But, studies have shown the 
nanoparticle size, shape and surface reactivity can have a 
significant bearing on antimicrobial properties.11,12 Thus, 
prospective antimicrobial agents like Au nanoparticles 
can be used against many microorganism and deliver an 
important and immediate health benefit. 13,14  
Conventional physical and chemical methods are used to 
manufacture Au nanoparticles with a wide range of sizes 
and shapes. However, carcinogenicity, cytotoxicity and 
environmental toxicity concerns related to the chemical 
compounds and solvents used during these methods in an 
ongoing problem.15  
In recent years, more eco-friendly manufacturing 
methods using alternative approaches were investigated 
by several researchers.16,17 Biological synthesis, where 
plants, bacteria, fungus and similar organisms are used as 
bio-factories to produce metal nanoparticles is one such 
approach. Studies have shown nanoparticles produced by 
plant extracts are stable and formation rates are fast 
compared to other biological entities such as bacteria and 
fungus.18 Horticultural wastes, like other plant sources 
contain a large selection of biomolecules that include 
alkaloids, amino acids, enzymes, phenolics, proteins, 
polysaccharides, saponins, tannins, terpinoids and 
vitamins.  
Studies have shown these compounds assist in the 
formation of nanoparticles by acting as reducing agents 
and capping agents.19-21 The green chemistry-based 
method is straightforward and begins by producing an 
aqueous extract from the plant material. An aqueous 
metal salt solution is then added to the plant extract 
(forming the reaction mixture). During the reaction, Au 
(III) ions bio-reduce to their metallic form (Au0) 
initiating nanoparticle nucleation.22 Progressively, 
smaller neighbouring particles cluster to former larger 
thermodynamically stable nanoparticles.23 During growth 
period nanoparticles form their most favourable and 
stable shape, which can include cubes, spheres, triangles, 
hexagons, pentagons, rods and wires.23 During this 
biosynthesis, factors like plant extract concentration, 
metal salt concentration, reaction time, reaction solution 
pH and temperature all influence the properties of the 
resulting nanoparticles.24 To date only a small number of 
studies have reported using renewable horticultural 
wastes to generate high-value products like Au 
nanoparticles. The present study reports the use of waste 
Citrullis lanatus var (watermelon) to produce Au 
nanoparticles with antibacterial properties towards 
Escherichia coli and Staphylococcus Epidermidis. The 
aqueous-based process individually used red and green 
parts of the watermelon to produce Au nanoparticles. The 
procedure is straightforward and did not require 
specialised equipment. The generated Au nanoparticles 
were characterized using UV–visible spectroscopy, X-ray 
diffraction analysis, energy dispersive spectrometer 
(EDS) analysis and scanning electron microscopy (SEM). 
Furthermore, antibacterial activity towards Escherichia 
coli and Staphylococcus Epidermidis were evaluated 
using the Kirby-Bauer sensitivity method.25 
METHODS 
Materials 
The source of Au+ ions used in this study came from 
aqueous solutions containing of gold chloride (HAuCl4, 
(99.99%)). The gold chloride was supplied by Sigma-
Aldrich (Castle Hill, NSW Australia) and used without 
any further purification. All aqueous solutions were made 
using Milli-Q® water produced by a Barnstead Ultrapure 
Water System D11931 (Thermo Scientific Dubuque IA: 
18.3 MΩ cm-1). 
Preparation of red and green watermelon parts  
The watermelon has three parts. The first is the inner red 
part, the second is the outer green part, and the third is the 
outer skin. The red and green parts were removed and 
separated, while the outer skin was disregarded. Then 100 
g of red part (Red WM) were cut up into small pieces and 
place into a glass beaker.  
Similarly, 100 g of green part (Green WM) were cut up 
and placed into a glass beaker. Then 50 mL of Milli-Q® 
water (equates to a mass ratio of 1:2) was added to each 
glass beaker. Then each beaker in turn was homogenized 
for 10 minutes. Following homogenization, each beaker 
was subjected to 45 s of microwave heating (1100 W at 
2450 Hz, LG® Australia). After the thermal treatment 
each batch was filtered using standard Whatman filter 
paper to remove debris & pulp from the mixtures.  
Following initial filtration a 0.22μm syringe filters were 
used to screen the respective extracts before the first 
centrifugation. After 30 minutes of centrifugation the 
extracts were screened using 0.22μm syringe filters. This 
was followed by a second centrifugation and subsequent 
0.22μm syringe filtering.  
A final centrifugation (third) was carried out before final 
filtering was carried out again using 0.22μm syringe 
filters. After centrifugation and filtering, the resulting 
extracts were visibly clear with a slight yellowish-green 
tint. A schematic presentation of the preparation 
procedure is shown in (Figure 1). 
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Figure 1: A schematic representation of the green and 
red watermelon extract preparation procedure. 
Synthesis of Au nanoparticles  
Two types of extract were prepared, the first was Red 
WM and the second was Green WM as mentioned 
previously. Nanoparticle synthesis was the same for both 
extract types and consisted of mixing varying amounts of 
extract with a fixed amount of AuC l4- (500ppm). The 
varying amounts of extract (1, 3 and 5 mL) were added to 
an aqueous 1mL solution of AuC l4 - (500ppm) to form 
the respective reaction mixtures of 1:1, 3:1, and 5:1. The 
reaction mixtures were then allowed to stand for two 
hours at room temperature. 
Advanced characterisation 
A Varian Cary 50 series UV-Visible spectrophotometer 
version 3, over a spectral range from 200 to 1100 nm 
(spectral resolution of 1 nm), operating at a room 
temperature of 24 °C was used to determine the surface 
plasmon resonance (SPR) peak.  
A Bruker D8 series diffractometer, with flat plane 
geometry scanning over a 2θ range from 15° to 80° 
(incremental step size of 0.04°) was used to detect the 
presence of crystalline metal Au in the samples. The 
diffractometer operated at 40 kV and 30 mA (Cu Kα = 
1.5406 Å radiation source), with 2 second acquisition 
period. A JEOL JCM-6000, Neo Scope TM electron 
microscope produced images that were used to determine 
particle size and shape. While the energy dispersive 
spectroscopy (EDS) attachment was to determine the 
compositional analysis of the samples.  
Before electron microscope analysis, dried samples were 
attached to SEM holders (carbon tape) and sputter coated 
(Cressington 208HR) with a 2 nm layer of platinum to 
prevent charge build up.  
Antibacterial activity of synthesized Au nanoparticles 
The sensitivity method of Kirby-Bauer was used to 
investigate the antibacterial properties of the synthesised 
Au nanoparticle against two bacterial strains (Escherichia 
coli; gram-negative and Staphylococcus epidermis; gram-
positive).25 The sub-cultured bacteria were swabbed 
evenly over a nutrient agar medium contained in several 
Petri dishes (90 mm Dia.) using a sterile cotton swab. 
Nanoparticle solution samples (50 μL) produced from 
both Red WM and Green WM reaction mixtures were 
deposited on sterile disks (6 mm Whatman® AA 2017-
006) using a micropipette. After drying in air for 20 
minutes, the disks were placed on respective bacteria 
treated agar plates using sterile forceps. The plates were 
then incubated at 37 ºC for 48 hours. After incubation, 
the inhibition zone diameters were measured. Sample 
testing was carried out in triplicate and the mean 
inhibition zone diameters were used in the subsequent 
data analysis. 
RESULTS 
The formation of Au nanoparticles in the respective 
reaction mixtures was monitored using UV-Visible 
spectroscopy. The resulting brown colour seen in the 
samples was the result the surface plasmon resonance 
(SPR), which occurred at 560 nm for both the Red WM 
and Green WM samples. A representative UV-visible 
spectrum for both Red WM and Green WM samples (3:1 
ratio) is shown in (Figure 2).  
 
Figure 2: UV-visible spectroscopy analysis of Au 
nanoparticles synthesised from Red WM and Green 
WM extracts (3:1 ratio: watermelon: AuCl4-). 
An optical image of a represent sample of Green WM 
(3:1) is presented in (Figure 3a insert). The image shows 
the initial clear mixture with a slight yellowish-green tint 
and the final dark brown colour of the mixture after bio-
reduction. XRD spectroscopy was used to determine if 
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crystalline Au was present in the samples. Analysis of the 
respective diffraction patterns revealed the presence of 
phase peaks that were consistent with results reported in 
the ICDD (International Centre for Diffraction Data) 
databases. A typical XRD pattern for a Red WM (3:1) 
sample is presented in (Figure 3a). Inspection of the 
pattern reveals four intense peaks located at 38.4°, 44.6°, 
64.5° and 77.8°. The peaks were identified as the main 
(hkl) indices for pure crystalline Au, which also 
confirmed the nanoparticles had an fcc lattice structure. 
Further confirmation was provided by EDS 
compositional analysis which revealed the presence of 
metallic Au in the samples. A representative EDS 
analysis for a Green WM (3:1) sample is presented in 
(Figure 3b) and shows peaks confirming the presence of 
Au in the sample. SEM analysis of the early stages of 
synthesis (~15 min), revealed nanoparticles were sphere-
like in shape before growing into larger nanoparticles and 
micrometre scale particles with different shapes. 
Typically, Red WM the particle aggregates contained 
spherical nanoparticles ranging in size from 100 up to 
around 350 nm. Also present in the aggregates were large 
smooth hexagonal plate-like structures. With the largest 
plate size reaching 2.5 μm as seen in (Figure 3c). The 
thickness of the hexagonal plates varied between 100 and 
200 nm. Whereas, green WM sample aggregates 
contained many smooth sided triangular pyramid type 
particles that ranged in size from 200 up to around 500 
nm as seen in (Figure 3d).  
 
Figure 3: (A) XRD pattern showing the presence of 
crystalline Au and insert showing colour change of a 
3:1 reaction mixture, (B) EDS compositional analysis 
showing metallic Au in a typical sample, (C) 
representative SEM image showing various Au 
nanoparticle shapes produced by the Red WM, and 
(D) image of Au triangular nanoparticles generated 
by Green WM. 
The antibacterial study appraised the performance of the 
Au nanoparticles against Escherichia coli and 
Staphylococcus Epidermidis. Initially, both bacterial 
strains were evaluated against test disks individually 
treated with either pure by Green WM or Red WM 
extracts. The results revealed neither extract had any 
antibacterial properties towards Escherichia coli or 
Staphylococcus Epidermidis. In both cases the inhibition 
zone measurements produced a null result. The study also 
found varying the ratios of Green WM or Red WM 
extracts to AuCl4- produced differing degrees of bacterial 
susceptibility. For Green WM based mixtures, it was 
found that the 5:1 ratio produced the best response 
against Escherichia coli with an inhibition zone of 10 
mm and Staphylococcus Epidermidis with an inhibition 
zone of 12 mm. Whereas, for Red WM based mixtures, 
the 3:1 ratio produced the best response against 
Escherichia coli with an inhibition zone of 10 mm and 
Staphylococcus Epidermidis with an inhibition zone of 
10 mm. Represent inhibition zone results are presented in 
(Figure 4 c & d) and clearly shows the influence of 
varying amounts of extract have on bacterial 
susceptibility. 
 
Figure 4: Representative images of antibacterial 
challenge: Staphylococcus epidermidis challenged by 
(a) Green WM (3:1) and (b) Red WM (3:1) based 
extracts samples; and typical mean inhibition zone 
diameter measurements for (c) Green WM-based 
extracts and (d) Red WM-based extracts. 
DISCUSSION 
Horticultural food wastes are currently being investigated 
as a possible renewable source of biochemical suitable 
for producing high-value Au nanoparticles.26 The bio-
reduction of Au (III) ions to their metallic form (Au0) 
using plant-based food waste has several advantages 
compared to conventional chemical-based methods. 
Recent review articles have reported the advantages of 
using green chemistry-based procedures for producing a 
variety of metal nanoparticles and their prospective 
applications.18,27 The present study has evaluated the 
viability of using waste Citrullis lanatus var 
(watermelon) to bio-reduce Au nanoparticles with 
antibacterial properties towards Escherichia coli and 
Staphylococcus Epidermidis. The natural water-soluble 
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compounds found in both Green WM and Red WM were 
found to be effective chemical agents for reducing Au 
(III) ions to their metallic form (Au0). Furthermore, the 
extracts were capable of modelling growth and proficient 
at producing highly stable nanoparticles. 
During bio-reduction the reaction mixture turned brown 
colour as seen in (Figure 3a insert). The resulting UV-
Visible spectroscopy of the samples revealed a maximum 
absorbance peak occurred at 560 nm (Figure 2) and is 
similar to peaks reported by other green synthesis studies. 
[9, 28] The 560 nm peak is broad and suggests the 
generated Au nanoparticles have an anisotropic nature. 
The nature was confirmed by the presence of 
nanoparticles of varying size and differing shapes for 
both Red WM and Green WM samples as seen in SEM 
images (Figure 3 c & d). XRD studies were carried out to 
detect the presence of crystalline Au nanoparticles in the 
samples. A representative analysis is presented in (Figure 
3a) and confirms the presence of Au nanoparticles with a 
face centred cubic structure. The XRD analysis was 
found to be similar to the results reported by Singh et al. 
[29] and Pasca et al, for the biosynthesis of Au 
nanoparticles using plant extracts.30 EDS compositional 
analysis was used to confirm the presence of elemental 
Au in the samples. A representative analysis of a Green 
WM (3:1) sample is present in (Figure 3 b) and clearly 
shows strong signal peaks for Au in the sample. As 
mentioned above, SEM imagery was used to examine the 
physical properties of the Au nanoparticles. 
Representative images are presented in (Figure 3 c & d) 
and reveal a variety of particle sizes and shapes were 
produced during biosynthesis. (Figure 3 c) is a typical 
image of Au nanoparticles produced by a Red WM based 
extract. The Red WM based extracts tended to produce 
spherical and hexagonal plate-like particles that ranged 
from the nanoscale to micron scale. The spheres ranges in 
size from 100 to 350 nm, while the hexagonal plate-like 
particles ranged from 500 nm to 2.5 μm, and the 
thickness varied between 100 and 200 nm. The Green 
WM based extracted tended to produce more triangular 
pyramid type particles that where characterised by their 
smooth sides. Image analysis revealed these nanoparticles 
ranged in size from 200 to 500 nm. Similar studies using 
plant extracts have also produced Au nanoparticles with a 
variety of shapes other than spherical.31,32 For instance, 
Poinern et al, found leaf extracts from the Australian 
plant Eucalyptus macrocarpa produce smooth sided 
hexagonal and truncated triangular Au plates with side 
lengths ranging from 4 to 6 μm.33 While Narayanan and 
Sakthivel have used Coriandrum sativum (coriander) leaf 
extracts to produce decahedral, triangular and spherical 
shaped Au nanoparticles ranging in size from 7 to 58 nm. 
34 The exact mechanism deriving the biosynthesis of Au 
particles is not fully understood. However, Wang et al, 
have proposed a possible mechanism that begins with the 
spontaneous self-assembly of Au particles along 
particular crystallographic orientations. Further particle 
assembly at the planar interface reduces its surface 
energy. Thus, orientating and promoting particle 
deposition along the planar interface.35 Other researchers 
have suggested the type of plant extract and the 
competitive nature between crystallographic surfaces as 
being mechanisms for growth orientations.36, 37 
The Red WM and Green WM extracts were initially 
tested against the two bacterial strains to determine if 
there was any antibacterial property present. Testing 
revealed there was no antibacterial property present in 
either extract. However, nanoparticles produced by all 
three extract ratios (1:1, 3:1 & 5:1) derived from Red 
WM and Green WM extracts did display antibacterial 
properties against both Escherichia coli and 
Staphylococcus Epidermidis. As seen in (Figure 4 c & d) 
the various extracts had varying degrees of effectiveness 
against the bacterial strains. The 5:1 ratio for Green WM 
based extracts produced the most favorable response 
against and Staphylococcus Epidermidis with an 
inhibition zone of 12 mm. While the response to 
Escherichia coli, was an inhibition zone of 10 mm. 
Similarly, the best response for Red WM based mixtures 
was the 3:1 ratio, which produced an inhibition zone of 
10 mm for both Escherichia coli and Staphylococcus 
Epidermidis. Interestingly, the 1:1 ratio produced 
inhibition zones of 9 mm for Escherichia coli and 11 mm 
for Staphylococcus Epidermidis. Similar studies have 
shown Au nanoparticles can inflict cellular damage 
which leads to the death of the bacteria.38 It is the cellular 
damage caused by Au nanoparticles that makes them an 
ideal antibacterial agent with the potential to overcome 
the immunity of several bacterial strains to conventional 
antibiotics.39 However, further research is needed to 
elucidate the interactions taking place between bacteria 
and Au nanoparticles, and the mechanisms occurring 
within bacteria when Au nanoparticles cross the cell 
membrane. In the light of increasing antibiotic resistance 
by several bacterial strains, it is important to develop new 
types of antibiotics that can protect humanity in the 
future. The present study offers an alternative method for 
producing Au nanoparticles with antibacterial properties 
towards Escherichia coli and Staphylococcus 
Epidermidis. 
 CONCLUSION 
In the present study, aqueous extracts obtained from red 
and green parts of waste watermelon were assessed for 
their ability to reduce Au (III) ions to their metallic form 
(Au0) and create stable Au nanoparticles. Formation was 
established by UV–visible spectroscopy which revealed a 
SPR peak at 560 nm and XRD analysis confirmed the 
crystalline nature of the Au nanoparticles. The presence 
of Au in the samples was also confirmed by EDS and 
SEM images revealed a variety of particle shapes. 
Besides spherical, the Red WM-based extracts also 
produced large smooth hexagonal plate-like structures 
(up to 2.5 μm in size), while the Green WM-based 
extracts tended to produce smooth sided triangular 
pyramid particles (200 to 500 nm). Importantly, the 
Kirby-Bauer sensitivity method indicates the Au 
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nanoparticles have antibacterial properties towards both 
Escherichia coli and Staphylococcus Epidermidis. 
Moreover, the results emphasise the effectiveness of the 
low-cost green chemistry-based technique for producing 
Au nanoparticles from a renewable food waste that is 
both eco-friendly and nontoxic in nature. The 
antibacterial properties of the Au nanoparticles makes 
them a potential candidate for incorporation into new 
types of antibiotic pharmaceutical products. 
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ABSTRACT 
Background: Magnesium has attracted considerable medical interest due to its 
mechanical properties being similar to bone. In addition, magnesium is also 
biocompatible and biodegradable, which makes it an ideal candidate for 
biodegradable orthopaedic implants. However, in body fluids, magnesium’s 
corrosion rate is high making it an unsuitable material for the manufacture of long-
term implants. Therefore, the present study develops an effective coating technique 
which can deposit a protective layer over magnesium to moderate degradation and 
improve its corrosion resistance. Thus, enabling coated magnesium to be potentially 
used in orthopaedic implant applications.  
Methods: A straightforward chemical immersion technique was used to deposit di-
calcium phosphate dihydrate (DCPD) coatings onto magnesium substrates to 
increase their corrosion resistance to body simulated fluids like phosphate buffer 
saline solution and Ringer’s solution. Scanning electron microscopy was used to 
generate images of the coatings, which were evaluated to determine coating structure 
and morphology.  
Results: The scanning electron microscopy study revealed the chemical immersion 
technique could produce DCPD coating that reduced the degradation rate of 
magnesium substrates exposed to phosphate buffer saline solution and Ringer’s 
solution. The coatings were characterised by flower-like surface structures.   
Conclusions: The chemical immersion technique produced DCPD coating that were 
resistant to phosphate buffer saline solution and Ringer’s solution which are similar 
 250 
 
to body fluids. Thus, indicating the coatings could reduce magnesium corrosion rates 
in the body environment. 
Keywords: magnesium, biodegradation, protective coating, orthopaedic implants 
INTRODUCTION 
A variety of materials have been used to manufacture orthopaedic implants for many 
years. Biocompatible polymers have a wide range of desirable properties that can be 
varied during the synthesis process.1 However, they have low physical strength 
compared to both ceramic and metallic implants. Therefore, biopolymers are 
predominantly used in soft tissue engineering. Bioceramics have good strength, 
chemical stability and can promote osteointegration in bone tissue engineering. But 
they also brittle and have low fracture toughness, which makes them unsuitable for 
load bearing applications where loading direction can repeatedly change and when 
the loads themselves are constantly fluctuating.2, 3 In these situations metallic 
materials are superior due to their ductility, high strength, fracture toughness and 
anticorrosion properties.4, 5 Metallic materials used in implants include cobalt-
chromium based alloys, stainless steels and titanium alloys. However metallic 
implants also suffer from two major in situ operational problems. The first involves 
the elastic modulus of metallic materials which can be several times greater than that 
of bone. For cobalt-chromium based alloys are typically ten times greater, while 
titanium based alloys are around five times greater. The significant difference 
between the metal implant and surrounding bone results in stress-shielding, which 
causes bone resorption and subsequent implant failure.3, 6 The second problem 
involves biological corrosion and mechanical wear of the implant, which releases 
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toxic metal ions that immediately produce an unfavourable immune response. The 
response reduces implant biocompatibility and often leads to secondary revision 
surgery.7, 8 Furthermore, many implants are only needed for a short period to provide 
structural and mechanical support during tissue regeneration. At the end of the 
healing period an additional surgical procedure is needed to remove the implant, 
which can increase the risk of infection and produce further patient scarring.9 
An alternative to conventional materials used in the manufacture of implants is the 
use of biodegradable materials.10 The advantage of a biodegradable implant is that 
during tissue regeneration the implant slowly degrades, and by the end of the healing 
process the new tissues carry the loads previously handled by the implant.11  In 
recent years magnesium (Mg) has attracted medical interest, since it has mechanical 
properties similar to bone, it is biocompatible and it is also biodegradable.12 In terms 
of mechanical properties, Mg has a density of 1.74 g/cm3 at 20℃, which is slightly 
lower than bone tissue (1.8 to 2.1 g/cm3). Mg elastic modulus is 45 GPa, which is 
within the range of bone 40 to 57 GPa.13, 14 Because of these attractive mechanical 
properties and its biocompatibility, Mg is a promising biodegradable material for the 
manufacture of orthopaedic implants.12, 15 However, Mg low corrosion resistance and 
high degradation rates in chloride rich body fluids (pH: 7.4 to 7.6) has limited its use 
in orthopaedic applications. The first consequence of high corrosion levels is the 
formation of subcutaneous hydrogen gas bubbles generated during the first week 
after surgery and the release of Mg ions during the implant life.16 And the second 
consequence occurs from the loss of mechanical integrity between the implant and 
the surrounding bone during tissue regeneration.17 Studies have suggested the 
reduction of the corrosion rate will not only reduce hydrogen formation to acceptable 
levels, but will also reduce the release of Mg ions.18, 19 An effective method for 
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decreasing the corrosion rate of Mg substrates is to coat them with corrosive resistant 
layers to moderate the degradation rate. Thus, regulating the degradation rate is 
important factor in producing biodegradable Mg implants. In the present study a 
straightforward chemical immersion process was used to deposit di-calcium 
phosphate dehydrate or brushite [DCPD; CaHPO4.2H2O] coatings onto Mg 
substrates. The examined the relationship between immersion time and coating 
deposition (mg/mm2). The influence of phosphate buffer saline (PBS) solution and 
Ringer’s solution on the substrate surface coating was investigated using scanning 
electron microscopy (SEM). 
METHODS 
Materials 
All chemicals used in this study were supplied by Chem-Supply (Australia) and all 
aqueous-based solutions were produced from Milli-Q® water (10 MΩ cm-1) produced 
from a Milli-Q® Reagent water generation system supplied by the Millipore 
Corporation. 
Magnesium substrate preparation  
Magnesium (Mg: 99.9% pure) ribbon 5 mm wide and 0.5 mm in thickness was cut 
into 42mm long rectangular strips. Surface cleaning of strips started with polishing 
using 120pp silicon carbide (Si C) paper to remove any major surface oxides and 
contaminants. This was flowed by finer polishing using 240pp paper to remove any 
surface texturing produced during the previous polishing step. After polishing, the 
strips were first cleaned in a 5% wt. nitric acid (HNO3) solution, followed by 
washing in acetone, then rinsed with Milli-Q® water and then allowed to air dry. 
 253 
 
After drying the weight of each substrate was recorded using an Ohaus Pioneer 
PA214C analytical microbalance. 
Electrolyte solution for surface treatment of substrates 
Di-calcium phosphate dihydrate (DCPD) coatings were produced from an electrolyte 
prepared at room temperature (25 ± 1ºC). The electrolyte preparation consisted of 
adding 0.32 M of Ca (NO3)2 and 0.19 M of KH2PO4 to 100 mL solution of Milli-Q
® 
water contained in a volumetric flask. The content of the flask were then thoroughly 
mixed for 10 min at 400 rpm. After mixing the resulting electrolyte pH was 4. 
Coatings were produced by immersing individual magnesium substrate strips, into 
electrolyte contained in separate 10mL sample vial. The substrates were clamped in 
position using a 15 mm fold-back clip as seen in (Figure 1A). After immersion, the 
substrates were removed from the electrolyte at pre-determined time intervals (7.5, 
15, 30, 60, and 180 min) and washed in Milli-Q® water, and then allowed to dry for a 
least 12 h under vacuum to remove all traces of moisture. The substrates were then 
reweighed using the Ohaus Pioneer PA214C analytical microbalance. 
Solutions and substrate degradation evaluations 
Two liquid agents were used to evaluate the corrosion resistance of treated and 
untreated Mg substrates. The agents used were phosphate buffer saline (PBS) 
solution and Ringer’s solution.  The PBS solution was made up of (in g/L) 8.006 
NaCl, 0.201 KCl, 1.420 Na2HPO4 and 0.240 KH2PO4 that were added to 500mL of 
Milli-Q® water contained in a volumetric flask. Ringer’s solution was made up of (in 
g/L) 8.6 NaCl, 0.6 KCl and 0.66 CaCl2. 2H2O, which was added to 500mL of Milli-
Q® water contained in a volumetric flask. Both solutions were thoroughly mixed and 
their respective pH’s adjusted to 7.4. During the degradation studies, the substrates 
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were clamped in a vertical orientation, and immersed in the respective test mediums 
for the test period (1, 2 and 3 days). After the specific test period, substrates were 
removed from test mediums and washed with Milli-Q® water before being dried for 
at least 12hr under vacuum. 
Scanning electron microscopy (SEM) study 
A JEOL JCM-6000, NeoScopeTM electron microscope generated images that were 
used to evaluate the degree of substrate degradation. SEM images were also used to 
examine the size, morphology and topographical features of the deposited DCPD 
coatings. Before microscopy analysis, dried substrates were attached to SEM holders 
using carbon tape and then gold coated (1 minute period) in an SPI-Module™ 
Sputter Coater to prevent charge build up. In addition, Microsoft® Photoshop was 
used to colourise SEM images to highlight substrate surface features. 
RESULTS 
Degradation of untreated substrates in PBS and Ringer’s solutions  
Visual inspection of untreated Mg substrates exposed to PBS and Ringer’s solutions 
revealed high rates of degradation. Ringer’s solution was found to be the most 
aggressive towards the untreated substrates as seen in (Figure 1B). SEM images 
revealed the corrosion resistance of the untreated substrates was poor, with extensive 
regions completely degraded and large areas of lost material as seen in (Figure 1C). 
Similar image analysis also confirmed PBS had a similar effect on untreated 
substrates. Thus, highlighting the need for a coating to reduce the degradation rate. 
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Figure 1 
 
Formation of DCPD coatings on substrates 
Immersion of substrates in surface treatment electrolyte solution resulted in the 
deposition of a DCPD coatings. The deposition rate varied over the 180 minute 
immersion period as seen in (Figure 2A). In the early stage there was a rapid 
deposition rate, then between 30 and 60 minutes the formation rate started slowing. 
And then from 60 minutes onwards the deposition continues to slow and by 130 
minutes it starts levelling off. During this later period there was a noticeable decline 
in gas bubbles being formed. This decline was credited to the newly deposited 
coating, which prevented the electrolyte reaching the underlining substrate. 
Representative SEM images of treated substrates are presented in (Figure 2B) and 
(Figure 2C). An edge image is presented in (Figure 2B) and clearly shows the DCPD 
flower-like structures completely covering the entire region. Similarly, the other 
surfaces of the substrate were completely covered by a flower-like DCPD coating as 
seen in (Figure 2C).  
 
Figure 2 
 
Evaluation of substrate coating degradation  
Both PBS and Ringer’s solution can severely corrode unprotected Mg substrates.  
The presence of DCPD coatings on all of the substrates improved their corrosion 
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resistance compared to uncoated Mg substrates. In the case of PBS, SEM image 
analysis reveals the coating significantly increases the substrates resistance to 
corrosion over the 72 h test period as seen in (Figure 3 A, B and C). The bulk of the 
coating remains intact, but there were indications of coating separation and charges 
in coating morphology (Figure 4). In the case of Ringer’s solution, the colourised 
SEM images presented in (Figure 3 D and E) show the dramatic reduction in 
corrosion over a 24 h period. The uncoated Mg substrate in (Figure 3 D) shows 
extensive corrosion, while the coated substrate in (Figure 3 E) reveals no corrosion 
damage to the substrate. Thus, highlighting the corrosion resistance provided by the 
coating. 
 
Figure 3 
 
Closer examination of SEM images of the coatings also reveals some micro-fractures 
between the coating and the substrate as seen in (Figure 4 A). Also in the case of 
PBS there was also evidence of partial coating dissolution and reforming taking 
place which resulted in the formation of acicular crystal growth as seen in (Figure 4 
B and C).  
 
Figure 4 
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DISCUSSION 
For a biodegradable Mg orthopaedic implant to be effective, it must slowly degrade 
and allow regenerating bone tissues to progressively take over the mechanical and 
structural function of the implant. However, in spite of being biodegradable and 
having similar mechanical properties to bone, its rapid corrosion rate in chloride rich 
body fluids has limited its use in orthopaedic applications. The present SEM study 
evaluated the effectiveness of DCPD coatings to improve corrosion resistance and 
slow down the degradation rate of Mg substrates. The first part of the study found 
that both PBS and Ringer’s solutions were highly corrosive towards untreated Mg. 
With Ringer’s solution in particular causing significant structural damage to the 
substrate as seen in (Figure 1C). Thus, highlighting the need to slow down the 
corrosion rate, which has been identified as the major hurdle preventing the use of 
Mg to produce orthopaedic implants.12, 15  
The chemical immersion technique used to deposit DCPD on Mg substrates to 
produce a protective coating was a straightforward technique. The resulting coatings 
displayed flower-like surface structures that widespread over substrate surfaces as 
seen in (Figure 2 B and C). Comparable coatings and surface structures have been 
reported by researchers using variations of the chemical immersion process.20, 21 The 
deposited coatings were found to be effective in reducing degradation, as seen in 
(Figure 3 D and E) for substrates exposed to Ringers solution. Similarly, substrates 
exposed to PBS also exhibited higher corrosion resistance.  Comparable studies have 
also found similar calcium phosphate coating can also increase corrosion 
resistance.22 However, SEM analysis also found cases where coating separation from 
the substrate occurred as seen in (Figure 4 A). The separation of surface coatings has 
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been reported in the literature and highlights the importance of ensuring a strong 
attachment of the coating to the underlining substrate.12, 23 And, in the case of PBS 
there were also morphological changes. The morphological changes occurred after 
48 h and resulted in the formation of acicular crystal growth between the flower-like 
structures normally present on the substrates as seen in (Figure 4 B). The growth of 
the acicular crystals did not appear to compromise the coating integrity, but further 
studies are needed to fully investigate their formation and their influence on coating 
integrity. Also, further studies are needed to investigate the mechanical integrity of 
the coatings and their longevity. The present study has established that using a 
DCPD coating can significantly improve the durability of an Mg substrate in PBS 
and Ringer’s solution. And is an important step in developing a robust and 
straightforward surface coating technique that can be used to control the corrosion 
rate of an Mg implant.   
CONCLUSION 
A straightforward chemical immersion technique was used to deposit DCPD coatings 
on Mg substrates. The corrosion rate of DCPD coated Mg substrates in PBS and 
Ringer’s solutions were significantly reduced. Since the chemical behaviour of PBS 
and Ringer’s solutions are similar to body fluids, the results of the present study 
indicate the coatings could reduce Mg corrosion rates in the body environment. 
However, further studies are needed to fully investigate the mechanical integrity of 
the substrate-coating interface. Since there was evidence of micro-fracturing and in 
the case of PBS exposure there was acicular crystal growth between the flower-like 
coating structures after 48 h. 
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Figure 1: (A) Electrolyte vial with substrate clamped in position, (B) Substrate 
corroded by Ringer’s solution and (C) SEM image showing the degree of corrosion.   
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Figure 2: (A) DCPD deposition rates on substrates needed for degradation studies 
and DCPD coatings composed of flower-like structures (B) Edge view and (C) 
Surface view.  
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Figure 3: PBS degradation of DCPD coating after (A) 24 h, (B) 48 h and (C) 72 h. 
Ringer’s solution (D) degradation of pure Mg substrate after 24 h and (E) 
degradation of DCPD coating after 24 h. 
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Figure 4: (A) micro-fracture between coating and substrate, (b) formation of acicular 
crystal growth between flower-like structures after 48 h and (C) a close up of a 
cluster of acicular crystals 
 
 
 
 
 
